ECONOMIC GEOLOGY 


WITH WHICH IS INCORPORATED 


THE AMERICAN GEOLOGIST 


VoL. XIII MAY, 1918 No. 3 


FURTHER STUDIES ON THE DEPOSITION OF GOLD 
IN NATURE. 


Victor LENHER. 
INTRODUCTION. 


The various explanations which have been offered for the 
deposition of gold in nature have accounted in a satisfactory 
manner for the formation of certain deposits. Unquestionably, 
the alkaline sulphides play a very important part in the transpor- 
tation of gold. The alkaline sulphides can, however, transport 
gold only in a zone free from oxidizing agents, since the oxidiz- 
ing agents as well as the acids precipitate metallic gold from its 
sulphide solution. From the sulphide solutions gold is not de- 
posited by the common reducing agents, but on the contrary, its 
precipitation takes place either by oxidation or by acidification. 

Presumably a large proportion of the gold which has been 
transported and deposited in the zone of oxidation has been 
carried in solution as the chloride or double chloride. From such 
a solution the gold is in a large measure deposited by reducing 
agents as pyrites or some other sulphide, by a ferrous mineral or 
by an organic reducing agent. Reduction from the chloride solu- 
tion or from alkaline solutions is also accomplished in the zone 
of oxidation by the oxidized ores of manganese or by such 
oxidizing agents as will deposit gold by the phenomenon of auto- 
reduction. 
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Some of the more important gold deposits, however, cannot 
be explained by the theories proposed. For example, the low- 
grade gold ores in quartz commonly consist of a vein or bed 
of quartz containing very finely divided gold disseminated 
through it. This gold may appear in particles which are suffi- 
ciently large that they can be observed with the naked eye, but 
for the most part the gold particles are usually so small that they 
are indistinguishable. Moreover, the low-grade gold ores are 
usually remarkably uniform so far as their gold content is con- 
cerned; that is to say, their precious metal content varies com- 
paratively little, and, expressed in actual percentage of gold 
present, the variation is insignificant. 

Again, the various theories offered for the transportation and 
deposition of gold fail to account for the general presence of 
silver with the gold. For example, the alkaline sulphide solu- 
tions, which are so important in the transportation of gold, do 
not appear to deport themselves similarly with silver. Silver 
sulphide is according to our experiments quite insoluble in the 
alkaline sulphide solutions and in the sulphaurate solutions. 
Hence the transportation of gold by the alkaline sulphides cannot 
explain the transportation of silver, nor can this method of trans- 
portation of gold in the light of our present knowledge be recon- 
ciled by the presence of silver in gold deposits. Up to the present 
time the presence of silver in gold is usually accounted for by 
the general principle that metallic silver will precipitate metallic 
gold from a gold solution as the two metals stand in that order 
in the electrochemical series, a fact which is so commonly evi- 
denced in photography in the “toning” of a silver print by means 
of a gold solution. 

Experiments recently conducted in our laboratory have shown 
quite another side to the deposition of gold in nature. The oxide 
of gold is rather remarkable for its stability. The oxide of 
silver, as is well known, like many of the silver compounds, 
breaks down rather easily into metallic silver and oxygen, under 
the action of only a moderate degree of heat. Gold oxide, on 
the other hand, is remarkably stable under the action of heat up 
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to moderately high temperatures, when it gradually dissociates 
into metallic gold and oxygen. The fact that the oxide of silver 
and the oxide of gold are decomposed by sufficient elevation of 
the temperature and the fact that the oxide of gold can be formed 
so readily in nature, probably are of considerable importance in 
the formation of certain gold deposits. 


GOLD OXIDE. 


The formation of auric oxide, particularly in the hydrated 
form, can be accomplished with comparative ease. Like most 
of the hydroxides of the heavy metals, the addition of the 
hydroxide of sodium or of potassium to the solution of the 
chloride yields the hydroxide. In the case of the formation of 
gold hydroxide the tendency to form aurates and chloraurates, 
particularly when the auric chloride solution contains free acid, 
is sO pronounced that for the preparation of the pure compound 
it is better to use magnesium oxide as the precipitating agent 
rather than the hydroxides of the fixed alkalis. When magnesia 
is used it is immaterial if considerable free hydrochloric acid is 
present in the gold solution, atric hydroxide appears as an 
insoluble precipitate and soluble magnesium chloride is simul- 
taneously produced, which can be completely washed out of the 
insoluble gold hydroxide with water. The magnesia is always 
added in excess, and its excess can be later removed after com- 
plete extraction of the magnesium chloride by water, by treating 
the mixture of auric hydroxide and magnesia with dilute nitric 
acid and subsequently washing out the soluble magnesium nitrate. 
This magnesia method, originally proposed by Pelletier,’ is an 
excellent laboratory method for quickly and conveniently prepar- 
ing auric hydroxide. 


BEHAVIOR OF THE SOLUBLE CARBONATES TOWARD GOLD 
SOLUTIONS. 
The action of the soluble alkaline carbonates of potassium or 
sodium on auric chloride solutions containing no free acid is to 
1 An. ch. Ph. (2), 15, 5 (1820). 
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precipitate auric hydroxide in a manner similar to that of the 
alkaline hydroxide and as with them chloraurate and aurate are 
also formed in the reaction. The bicarbonates of sodium and 
potassium with auric chloride solution do not produce auric 
hydroxide. 


ACTION OF THE INSOLUBLE CARBONATES TOWARD GOLD 
SOLUTIONS. 


The behavior of the carbonates of the alkaline earths toward 
auric chloride solutions is to precipitate auric hydroxide. Indeed 
the carbonates of calcium, strontium, barium and magnesium 
precipitate auric hydroxide as readily from gold chloride solu- 
tions as they precipitate ferric hydroxide from a ferric solution. 

The behavior of the carbonates of the heavier metals toward 
gold solutions may be divided into three classes: 

1. Ferrous carbonate either as the mineral siderite or the arti- 
ficially precipitated carbonate precipitates metallic gold, acting 
toward gold solutions directly as a reducing agent. 

2. Manganese carbonate with gold solutions precipitates metal- 
lic gold. This production of metallic gold by manganese car- 
bonate is due to the fact that the manganese acts as an auto- 
reducing agent. Manganese compounds when neutralized or 
when made alkaline readily take up oxygen from the air and 
are oxidized to manganese sesquioxide or manganese dioxide, 
both of which or their derivatives reduce gold solutions. 

In many respects the general chemical reactions of the rarer 
element cerium closely resemble those of manganese. The triva- 
lent or cerous compounds go to the tetravalent types of cerium 
and vice versa in a manner quite similar to the oxidation and 
deoxidation of the divalent, trivalent and tetravalent types of 
manganese. It is therefore not surprising to find that the car- 
bonate of cerium precipitates metallic gold from a gold solution, 
in a manner quite similar to the action of manganese carbonate. 

3. The deportment of the insoluble carbonates of copper, 
cadmium, bismuth, lead, nickel, cobalt, zirconium, lanthanum, 
beryllium and lithium is to completely precipitate the hydrated 
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oxide of gold when brought in contact with a gold solution. 
Some of the carbonates of the heavy metals do not react in- 
stantaneously with gold chloride to give auric hydroxide, as is 
the case with lead carbonate. One of the products of the reac- 
tion is sparingly soluble lead chloride. The reaction, if allowed 
to proceed for a few days, does reach completion with entire 
precipitation of the gold as auric hydroxide. 

The reaction in general of the carbonates toward gold chloride 
solutions may be considered to be the formation of the hydrated 
oxide of gold, although in the case of such carbonates as those of 
manganese, cerium and iron, metallic gold is produced directly. 

The natural waters, surface or underground, are for the most 
part calcium carbonate containing and very commonly nearly 
saturated with calcium carbonate. These waters and as well the 
carbonate rocks are an unquestionably important factor in the 
original formation of many gold deposits. It is quite possible 
that much of the gold in the quartz veins has been deposited in 
this manner. In these chemical reactions with the carbonates, 
all of which are readily accomplished in the laboratory, the 
hydrated oxide of gold is the product obtained when working at 
the ordinary room temperature. 


DEPORTMENT OF THE HYDRATED OXIDE OF GOLD TOWARD HEAT 
AT ATMOSPHERIC PRESSURE. 


The action of heat on the hydroxide of gold has been studied 
in more or less detail by Schottlander,? Kriiss,? and Mixter.* 
The temperature at which gold hydroxide when heated under 
atmospheric pressure is completely decomposed into metallic gold, 
water and oxygen according to these experimenters is evidently 
in the neighborhood of 300°. However, partial dissociation 
takes place at a very much lower temperature. In the careful 
studies made by Mixter, he observed that the hydroxide of gold 
does not lose water first and become the dehydrated oxide, 


2 Ann, der chem., 217, 353 (1883). 
3 Ibid., 237, 294 (1887). 
6S AKG. Soa, 003 (011). 
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Au,.O3, but with the condition under which he worked, the water 
was retained by the partially dissociated hydroxide at as high a 
temperature as 200-210°. 


BEHAVIOR OF OXIDE OF SILVER WHEN HEATED AT ATMOSPHERIC 
PRESSURE. 


Hardin® and Carey Lea® found that freshly precipitated silver 
hydroxide, when heated to 100°, does not become anhydrous. 
Hardin suggests that it seems very probable that the oxide con- 
tains some hydrogen in the form of hydroxyl. My own observa- 
tions corroborate those of the previous workers, with the general 
addition that in my experience silver hydroxide is partly dis- 
sociated into metallic silver below 100°. These observations on 
the action of heat on silver oxide show that in general the two 
deport themselves in a similar manner, but that gold oxide is far 
more stable toward heat than is silver oxide. 


ACTION OF LIGHT ON GOLD OXIDE AND ON SILVER OXIDE. 


As is well known, the oxide of silver under the action of sun- 
light changes from its brown color to black, and at the same time 
slowly loses oxygen. The oxide of gold, on the other hand, is 
apparently unaffected by light. This was first indicated in 1911 
by Mixter and is corroborated by the experiments of the writer, 
who has preserved both dried auric hydroxide and the hydroxide 
suspended in water for over seven years, exposed to light in 
tightly fitting glass-stoppered bottles without reduction to metal 
having taken place. 


BEHAVIOR OF GOLD HYDROXIDE WHEN HEATED TO IIO° UNDER 
PRESSURE. 


A first series of experiments was conducted with gold 
hydroxide sealed in tubes and heated with water to 110°, which 
corresponds to a steam pressure of twenty-one pounds per square 


5 Ibid., 18, 994 (1806). 
6 Am. Jr. Sct., 44, 249 (1892). 
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inch or about one and a half atmospheres. A number of small 
sealed tubes containing the hydroxide of gold and Io c.c. of water, 
and several small glass tubes of dry hydroxide each with a 
small crack to allow equalization of pressure with that of the 
atmosphere, were also placed in an electric oven and heated for 
various lengths of time. At the end of five days’ heating at 110°, 
both the dry auric hydroxide and that suspended in water when 
treated with dilute hydrochloric acid passed completely into solu- 
tion, showing that no dissociation into metallic gold and oxygen 
had taken place. 

These experiments were then continued by heating the re- 
mainder of the tubes for three months to 110°; at the end of 
this time the dry gold hydroxide and as well the hydroxide 
suspended in water, when treated with dilute hydrochloric acid, 
dissolved completely. From these experiments it is evident that 
gold hydroxide at 110° under the pressure of one and a half 
atmospheres or at the ordinary atmospheric pressure does not 
break down into metallic gold. It was noted in the experiments 
with the auric hydroxide and water that in the long time of 
heating the Jena glass tubes used were heavily gelatinized by 
the prolonged action of the water on the glass. Under these 
conditions the pure water, which was originally put in the 
tubes, had in time become an alkaline liquor. 


BEHAVIOR OF GOLD HYDROXIDE WHEN HEATED ABOVE 200° 
UNDER PRESSURE. 


Wirn H. H. Morris. 


In the following experiments, first started by W. G. Crawford 
and later continued by Dr. H. H. Morris, the apparatus used was 
a bomb and furnace similar to that used by Geo. W. Morey’ at 
the Geophysical laboratory, with some minor modifications. 


9: An. GAS; 36, 2t7:. 1914. 
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A pparatus.® 


The material used in the construction of the bomb was electric 
chrome vanadium steel. The three principal parts of the bomb 
are shown in A, B, and E, Fig. 28. The body of the bomb (4) 


Mu 
isa 
























































Fic. 28. 


consisted of a cylinder three inches in diameter and twelve inches 
long. Two sides of the bottom were bevelled off for cne and 
one half inches, so that it might be set in a steel plate having a 
corresponding opening. This plate fastened to the floor acted 
as a vise. The bottom of the bomb is shown in Fig. 28, C. 
A hole %6 inch in diameter and five inches deep in the wall of 
the bomb provided a place for the thermocouple incased in a 
quartz tube (Fig. 28, A and C). 

The chamber in the center of the bomb where the reactions 
were carried on was 63@ inches deep, and 114 inches in diameter. 
Closure was affected by the parts shown in Fig. 28, B and E. 
The end of the plunger fitted tightly into the top of the central 
chamber shown in Fig. 28, A, while a copper gasket 1% inch thick 
rested on the seating immediately above. The stem of the 


plunger, 54 inch in diameter, moved easily through the opening 


8 The experiments were carried on in the chemical laboratory of the Uni- 
versity of Wisconsin. 
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in the plug E 34 inch in diameter, and was held in place by a 
nut at its outer end. 

The cylindrical portion in Fig. 28, 4, corresponding to the end 
of the plunger was made with a 5° taper, so that a slight loosen- 
ing of the plunger allowed it to move freely. 

The plug (Fig. 28, B) was provided with an Acme thread of 
eight turns to the inch. The top of the plug was cut down to a 
square 24% inches on a side, a top view of which is shown in 
Fig. 28, D. 

The object in constructing the cap of two pieces was to avoid 
turning the copper gasket on the seating either during the open- 
ing or closing of the bomb. Such tendency toward turning as 
resulted when the plug was tightened was obviated by inserting 
an iron washer between the top of the plunger and the bottom of 
the plug. 

When the bomb was opened the small nut at the end of the 
plunger was first loosened, then as the plug was turned out, it 
exerted a straight pull on the plunger, which brought the copper 
gasket out with it. 

A thirty-six-inch spanner wrench was used for moving the 
plug. 

The heating furnace was constructed of a piece of three-inch 
iron pipe 20 inches long, attached firmly to a circular piece of 
sheet iron 10 inches in diameter, the edges of which were turned 
up at right angles in order to bolt it to the sheet-iron jacket which 
surrounded the whole (Fig. 29). 

The pipe was covered with alundum cement, dried, and wound 
with No. 18 nichrome wire, the terminals being carried out at 
either the top or bottom of the furnace, as was convenient. A 
ten-inch cylinder of sheet iron 20 inches long was then placed 
around the pipe and bolted to the sheet-iron plate at the bottom. 
This jacket was filled with finely powdered magnesium oxide 
and asbestos, and a cover bolted into place. 

Two short pieces of 34-inch pipe provided with caps fastened 
to the sides of the jacket slightly above the center rested in sup- 
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ports as indicated in the diagram, and permitted the furnace to 
be rotated to any angle. 

The lower end of the 3-inch pipe was covered by a cap screwed 
to the bottom of the furnace. A small hole was cut through 
this cap to allow the introduction of the thermocouple. Above 
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the cap was placed a plug of asbestos about three inches deep, so 
that the bomb when in place would be about in the center of the 
furnace, and so be more evenly heated. 

The heating of the furnace was controlled by means of a 
rheostat. The wiring of the switchboard used in connection with 
the furnace is shown in Fig. 29. The light A indicated that cur- 
rent was on the line. The fuse plugs C and D were provided 
with 15-amp. fuses. The resistance wire in the rheostat was 
No. 18 nichrome wire in one-foot sections. The light B was 
connected so that it would burn when the switch E was opened, 
provided the heating coil in the furnace was intact, and also 
served as an additional heat control. The current delivered at 
the board was from a 110-volt alternating circuit. 

The heat-measuring device consisted of a platinum, platinum- 
rhodium thermocouple, and a Leeds and Northrop potentiometer. 
The junction of the thermocouple was incased in a quartz tube 
and inserted through the lower end of the furnace into the 
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opening provided for it in the steel bomb. The outer ends of the 
couple were connected by means of copper wire to the poten- 
tiometer, the junction of the wires being maintained at 0°. 


Standardization of Apparatus. 


Before the experimental work could be started it was necessary 
to determine the accuracy with which the temperature of work- 
ing could be read. The thermocouple was standardized on boil- 
ing sulfur, and boiling naphthalene, and the tables accompanying 
the instrument found to be correct. 

An iron-constantan couple was calibrated against the platinum- 
platinum rhodium couple by heating under the same conditions 
and taking simultaneous readings on the potentiometer. Next 
the platinum couple was placed in position in the bottom of the 
bomb, and a mercury thermometer, for the lower temperatures, 
and the iron-constantan couple, for higher temperatures, were 
placed inside the bomb. The bomb was then heated and simul- 
taneous readings taken. The position of the thermocouple was 
then removed and a series of readings obtained. 

From these several tests it was found that the difference in 
temperature inside the bomb and the temperature of the couple in 
its place in the bomb did not exceed 5°, which was about the 
limit of accuracy of the temperature reading as a whole.® 


Method of Experimentation. 


The general method of performing the experiments was as 
follows: The inside of the bomb was thoroughly cleaned with a 
brush and distilled water. The solutions or materials to be ex- 
amined were placed in a quartz tube, which was covered with a 
a quartz crucible, and lowered into the bomb by means of a 
platinum wire. Sufficient water was placed in the bomb outside 
of the test tube to fill it to about half the height of the tube. 

Before the cover of the bomb was screwed into place the 
thread was coated with graphite. This aided in making the 


® All temperature readings in this article are in degrees Centigrade. 
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bomb tight, and yet facilitated the removal of the top, as it did 
not become rusted in. 

The experiments were usually started in the morning, the heat 
being turned off at night, and the bomb allowed to remain in 
the furnace till the following day, when it was cool enough to 
remove and open. 

Preparation of Materials. 


The water used in the bomb in all experiments was first dis- 
tilled from sodium hydroxide and potassium permanganate, and 
then from sulphuric acid and permanganate in order to remove 
completely all organic reducing materials. 

In some preliminary experiments made by W. G. Crawford a 
few years ago in this laboratory,’® it was found that the decom- 
position of gold hydroxide when heated dry began at a con- 
siderably lower temperature than when heated with water. 
Crawford’s experiments seemed to indicate that when the gold 
oxide is heated dry, decomposition into metallic gold begins below 
190°, but that when heated with water it does not begin to dis- 
sociate until a temperature of 295° is reached, and that complete 
decomposition takes place only at 315°. 

In the first experiments made by Dr. Morris, when gold 
hydroxide and water were heated in a quartz test tube in the 
bomb partial decomposition was obtained at as low a tempera- 
ture as 135° and complete decomposition was effected in five 
hours at 260°. In some cases yellow solutions containing gold 
were obtained. 

Since these experiments did not agree with the work of Craw- 
ford, a second preparation of gold hydroxide was made and very 
carefully purified. 

At 274-279° this newly prepared hydroxide gave none or 
only slight reduction to metal. Incomplete reduction was ob- 
tained by heating fourteen hours at 300—310°, and by ten hours 
at 315-321°. Thirteen and one half hours’ heating at 318-322° 
gave complete reduction to metal. In each case only a few 
milligrams of oxide were used, which seemed to indicate that 


10 Chemical laboratory, University of Wisconsin. 








DEPOSITION OF GOLD IN NATURE. 73 


small amounts of impurities facilitate the decomposition of gold 
hydroxide. To study this point a trace of magnesium chloride 
was added to the gold hydroxide and water before heating to 
264°. On examining the material it was found that the solu- 
tion was distinctly yellow and contained gold, while beautifully 
crystallized gold appeared in the bottom of the tube. 

In another experiment a slightly larger amount of magnesium 
chloride was used, and in this case gold was found in solution, 
but with the difference that no free metal was obtained. The 
solution, after standing in the air for a short time, precipitated a 
mirror of gold on the sides and bottom of the beaker. 

In view of the fact that crystalline gold was obtained when 
small quantities of magnesium chloride were used, and no free 
metal appeared when the concentration was increased, it appeared 
that magnesium chloride might be a solvent for gold at high 
temperatures, depositing it in the crystalline form as the solution 
became saturated on cooling. It was found, however, that 
MgCl, solution at 260-270° exerted no solvent action on gold 
leaf. 

Sodium chloride in small amounts heated with gold oxide to 
260-268° gave gold in solution and a precipitate of metal. In 
this case the metal was spongy, quite different from the well- 
formed crystals obtained when magnesium chloride was used. 

Calcium chloride and gold hydroxide were heated together to 
281°, 292°, 322°, and 353°. In each case yellow gold-bearing 
solutions were obtained, together with a light yellow residue. 
Only at the temperature of 353° with 15 per cent. calcium 
chloride was there a slight reduction to metal. The crystals 
formed in this case are shown in Plate IX., 4. 

The yellow residue was washed free from soluble chlorides, 
and on treatment with nitric acid it took on the dark reddish- 
brown color characteristic of gold hydroxide. The nitric acid 
was decanted and found to be free from calcium and chlorine. 
The residue on solution in hydrochloric acid showed no calcium. 
The calcium chloride had no other effect on the hydroxide than 
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to prevent its reduction to metal and to change its color to a light 
yellow. 


TABULATION OF EXPERIMENTS ON THE EFFECT OF HEAT AND PRESSURE ON GOLD 

















HyproxibeE. 
Exp. Duration of | Maximum . | 
No. Heating. Temperature. Materials Heated. | Results. 
I 6 hours 219° Au(OH)3 and | No reduction to metal. 
| HO 
2 8s} “ 222 | Au(OH)s_ and | Residue lighter colored in parts. 
H:0 No metal. 
3 gi .* 274 Au(OH)3s and | Very small amount of metal. 
| HO | 
4 i 279 ;} Au(OH)3 and | No reduction to metal. 
H:O 
5 im” 309 with a| Au(OH)3; and | Almost complete reduction to 
few minutes; H:O | metal. 
at 332 
6 wa 321 | Au(OH)s and/| Almost complete reduction to 
H20 | metal. 
7 rs ** 22 | Au@H)s_ and | Complete reduction to metal. 
. HC 
20 
8 aes 388 | Au(OH)3s and | Complete reduction to metal. 
| HO 
9 SS 264 Au(OH); plus | Gold in solution. Free metal. 
trace MgCle 
10 8} “ 268 More MgCl. | More gold in solution. No free 
present than metal. 
| ing 
II | Jas 294 | Trace MgCle Gold in solution. About 2? gold 
| present appeared as metal. 
sa] 0% 268 Dil. NaCl* plus | Gold in solution. About 3 gold 
| Au(OH)s; present appeared as metal. 
13 Bx. 281 | Au(OH)s_ plus | Gold in solution. No free metal. 
| | trace CaCle | Yellowish-white residue. 
14 es 292 Au(OH)s; plus Gold in solution. No free metal. 
| trace CaCl, | Yellowish-white residue. 
15 | yrs 322 Au(OH)s plus | Gold in solution. No free metal. 
| trace CaCle | Yellowish-white residue. 
16 | 4“ 353 Au(OH)s; plus | Excellent crystals of gold, gold in 
I5 per cent. | solution, and yellowish-white 
| CaCle | residue of gold hydroxide. 





The duration of heating is taken as the time from the start of the experi- 
ment until the current was turned off from the furnace, and does not include 
the time required for the bomb to cool, which usually required about twelve 
hours. 


It is interesting to note that under these conditions sodium 
and magnesium chlorides most readily cause the reduction of the 
gold to metal, while in the work of Diemer'! on the reduction 


11 Diemer, J. A. C. S., 35, 552 (1913). 
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of auric chloride to aurous chloride by sulfur dioxide in the 
presence of alkali chlorides, it was shown that sodium chloride 
and magnesium chloride were most effective in preventing com- 
plete reduction, while calcium chloride was the least effective. 

In each of these experiments the yellow solutions obtained 
were reduced to metallic gold on standing in the air, the gold 
forming a mirror on the wall of the container. 


Experiments with Iceland Spar and Gold Chloride. 


The gold chloride used in these experiments was made by 
dissolving gold hydroxide in hydrochloric acid, the very slight 
excess of acid in the clear solution being neutralized with Ice- 
land spar. When effervescence had ceased the quartz tube con- 
taining crystals of Iceland spar and the solution of gold chloride 
was placed in the bomb and heated. 

A series of experiments at various temperatures yielded the 
following facts: The first step in the reaction of gold chloride 
and Iceland spar is the formation of gold hydroxide. At 279° 
much of the gold present was converted to hydroxide which 
adhered to the surface of the Iceland spar. Very little metal 
was formed at this temperature. Undecomposed hydroxide was 
found up to 312°, but the amount of free metal continually in- 
creased with rise of temperature. 

At 310° it was found possible to grow crystals of gold on the 
surface of the Iceland spar. These crystals were in the forms 
belonging to the isometric system. At 320° the surface of the 
spar became almost entirely covered with a plating of gold with 
the characteristic bright yellow color, but no crystals were visible 
in the coating even when highly magnified. 

At 327° the gold plating began to show well-formed crystals 
of gold adhering to it, while temperatures of 330-337° gave 
complete reduction of the gold in solution to metal. The gold 
appeared entirely in the crystalline form, except that portion 
which formed the plating on the surface of the Iceland spar. 
Nearly all of the crystals adhered to this metallic coating. 
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A temperature of 363° gave complete reduction of the chloride 
to spongy gold, practically none of it forming a plating on the 
Iceland spar. The heating in this case was rather rapid and 
this probably explains the poor crystal formation. 

The best plating with crystals adhering to the Iceland spar was 
produced by raising the temperature to about 330° for a time, 
then lowering it to 320° to 325°. The higher temperature gave 
a reduction to metal, while the lower temperature maintained 
for some hours promoted crystal growth. 

A solution of gold chloride distinctly acid with hydrochloric 
acid was heated with Iceland spar to 324°. Gold was pre- 
cipitated, but the spar was not plated. At the end of the heating 
the solution was still strongly acid, so that when the pressure 
was released in the bomb, effervescence immediately recom- 
menced, and continued quite as energetically as it had before the 
experiment was started several hours before. 

The micro-photograph, Plate [X., B, shows the plating on a 
piece of Iceland spar which was heated to 300-327° for about 
three hours in a dilute solution of neutral gold chloride. The 
concentration of calcium chloride was low during this experi- 
ment, and the crystals obtained were perfectly formed. 

Plate X., A, shows a crystal of calcite from Cumberland, Eng- 
land, which was heated for three hours to 300° with a few 
minutes at 358°, using strong gold chloride solution. Slight 
plating resulted. It was returned to the bomb with fresh gold 
chloride solution and heated for a day, reaching a maximum 
temperature of 343° without materially improving the plating. 
On heating for two days longer, reaching a maximum tempera- 
ture of 347°, the plating shown in the photograph resulted. 

Some very strong gold chloride solution was prepared by 
saturating concentrated hydrochloric acid with gold hydroxide. 
This gave a solution which was acid to litmus, but which did not 
effervesce with Iceland spar. On heating a piece of the spar 
with this solution for two days to a maximum temperature of 
334° all the gold was removed from the solution and the spar 
was found to be thickly covered with a bright yellow pulverulent 
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coating containing a few bright crystals of metal. A second 
experiment, using the same materials and heating for one day 
to 336°, gave exactly similar results. 

In these experiments the strength of gold chloride solution 
used produced a rather high concentration of calcium chloride in 
solution, so that the strong calcium chloride appeared to exert a 
stabilizing action on the gold hydroxide, and the plating out of 
much metallic gold was prevented. 

This same reaction is possible where a strongly acid gold 
chloride solution is treated with calcium carbonate, forming 
calcium chloride during the neutralization. When this reaction 
was noted it explained the many unsuccessful attempts to obtain 
well-plated calcite in solutions of any more than moderate con- 
centrations of gold chloride. 

MAGNESITE AND GOLD CHLORIDE solution at 322° gave crystals 
of gold on the surface of the magnesite, but in this case the 
crystals were fern-shaped, appearing under the microscope as 
elongated crystals twinning to form strands and filaments. Two 
micro-photographs at different magnifications are shown of these 
crystals in Plate XII, 4 and B. Magnesite and gold chloride 
heated to 332° gave good gold plating of the magnesite, but again 
the crystals adhering to this coating took the form of long 
threads, instead of the perfect cubes and octahedra such as were 
obtained on Iceland spar. 

Under the varying conditions of the many experiments per- 
formed on gold solutions, crystals of gold of various habits have 
been produced. In some cases the crystals have appeared as 
thin plates in the shape of perfect triangles, hexagons, or poly- 
gons. Again long threads have been produced in some cases 
over an inch in length. These always appeared under the micro- 
scope as composed of many crystals grown end to end. Cubes, 
tetrahedra, and many combinations of the forms of the isometric 
system have been very common. In general it may be said that 
whenever the gold has been deposited from solutions under heat 
and pressure it has been crystalline, showing more or less perfect 
forms. 
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From these experiments it is evident that if gold is carried in 
nature as the chloride, contact with either calcite or magnesite 
would be sufficient to cause the deposition of metal if the tempera- 
cure were above 310° C., while the insoluble hydroxide would 
be formed at much lower temperatures. In the presence of 
sodium or magnesium chlorides this hydroxide would be reduced 
to metal as low as 260-268°. Under certain conditions, then, 
rising temperature may be a factor in the deposition of gold. 


Action of Heat and Pressure on Solutions of Gold Chloride and 
Gold Chloride with Various Chlorides. 


A series of experiments were next undertaken to determine the 
temperature at which gold chloride would decompose when heated 
under the pressure of aqueous vapor, and the effect of the pres- 
ence of alkali chlorides on this decomposition point. 

Several preparations of gold chloride which were slightly acid 
to litmus were heated to 372° or just below the critical tempera- 
ture of water, without decomposition. At the end of the ex- 
periments no free metal was round, and no change in the appear- 
ance of the solution was noted. Slightly higher heating (379°) 
gave complete reduction, the metal appearing in the crystalline 
form. The crystals in this case were especially fine and of a 
great variety of forms. Some practically perfect octahedra were 
produced, as well as chains of crystals, and other forms in which 
one axis of the crystals seemed to be elongated. In other ex- 
periments, where the gold chloride was heated to 400°, 435° and 
445° complete reduction was obtained in each case. The experi- 
ment at 445° gave fine fern-shaped crystals as much as one half 
inch long. 

In the present work it was found that gold chloride was un- 
acted on by water up to a temperature of 372°, but was decom- 
posed at 379°. There appeared to be some relation between 
the critical temperature of water and the decomposition of gold 
chloride. The work of Holborn, Henning, and Baumann” gives 
the critical temperature of water as 374°. 


12 Holborn, Henning, Baumann, Ann. Phys., 31, 945 (1910). 








lent 


np 














DEPOSITION OF GOLD IN NATURE. 179 

After having demonstrated that gold chloride was stable at 
temperatures as high as the critical temperature of water, the 
effect of the addition of small amounts of alkali chlorides was 
next investigated. 

In the first of these experiments one small crystal of calcium 
chloride was added to 10 c.c. of gold chloride solution, and the 
mixture heated to 352°. A few small crystals of gold resulted. 
The same solution was again heated, this time to 387°, but 
no further reduction took place. 

Gold chloride solution containing 10 per cent. calcium chloride 
was heated to 404° for nearly a day without the slightest reduc- 
tion to metal being obtained. Gold chloride containing 8 per 
cent. calcium chloride was heated for an equally long time to 
454°, and in this experiment a few small crystals of gold were 
obtained. 

From these experiments it is evident that if sufficient calcium 
chloride is added a solution is obtained which may be heated 
nearly a hundred degrees above the critical temperature of water 
before decomposition starts. 

Gold chloride solution containing 8 per cent. magnesium 
chloride gave no reduction to gold at 383°, while the same solu- 
tion heated to 454° showed incipient reduction to metal. 

A gold chloride solution containing 8 per cent. sodium chloride 
heated to 460° showed no reduction to metallic gold in the solu- 
tion. At the very top of the tube an inch and a half above the 
solution some strands of metallic gold had formed which ex- 
tended directly across the tube, a distance of nearly an inch. 
Under the microscope these strands appeared to consist of many 
small crystals attached end to end. 

On allowing this solution to stand in the air, gold crystallized 
out on the sides of the tube. It is characteristic of all of these 
solutions that after heating they precipitated a mirror of gold 
on the walls of the containing vessel if allowed to stand in the 
air, but in this case the gold appeared as well-formed crystals. 
The solutions obtained in these experiments were separated 
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from the metallic gold and reheated. A temperature of 504° 
gave no further reduction to metal. 


Behavior of Double Chlorides of Gold toward Calcite and 
Magnesite under the Action of Heat and Pressure. 


Following the investigation of the stability toward heat of the 
double chlorides of gold with those of sodium, calcium and 
magnesium, a series of experiments was undertaken which had 
for their object a study of the deportment of these double 
chlorides with calcite and magnesite. In detail these experi- 
ments were as follows: 

Gold chloride containing 8 per cent. sodium chloride when 
heated with Iceland spar to 347° caused the spar to become fairly 
well covered with small crystals of gold. Solutions of the same 
strength heated to 399° gave only a few flakes of gold in the 
tube. These flakes were in the form of thin plates, some tri- 
angular, others hexagons or polygons. 

Since sodium chloride solution under pressure is a solvent for 
gold, it is not surprising that no great amount of metal separates 
under the above conditions. 

A gold chloride solution containing 8 per cent. sodium chloride 
and magnesite was not changed by heating to 336°. The solu- 
tion at the end appeared exactly as it had at first. This same 
solution with magnesite heated to 490° gave only a very few 
crystals of gold on the magnesite. The quartz tube, however, 
was strongly etched, while the magnesite was covered with a 
coating of silica. In general, when magnesium salts were used 
the quartz was attacked, causing portions of the walls of the 
tube to flake off, and form a coating of silica on whatever 
mineral was being heated. 

Iceland spar when heated to 444° with gold chloride solution 
containing 8 per cent. of magnesium chloride gave nearly com- 
plete reduction to metal. The Iceland spar was not plated with 
the gold. The metal appeared as exceptionally beautiful fern- 
shaped crystals, many being one half inch long. Some of these 
are shown in Plate XI., 4 and B. 
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TABULATION OF EXPERIMENTS ON THE Errect oF HEAT AND PRESSURE ON GOLD 











CHLORIDE. 
RH Heating. Mcrae Conditions. Results. 
I 73 hours 279° | Acid AuCls with | No gold plating. Some free 
| Iceland spar metal. Gold hydroxide. 
2 16 = | 337 | Acid AuCl; with | Complete reduction to metal. 
| Iceland spar Iceland spar poorly plated. 
3 6 bs 327 | Neutral AuCls | Excellent plating showing crys- 
| with Iceland] tals. Plate IXB. 
| spar | 
4) .6ee | 320 | Neutral AuCls | Good plating showing crystals. 
| with Iceland | 
| | spar 
5 13 “ 321 | Neutral AuCl; | Fair plating showing crystals. 
| | with Iceland | 
| | spar dilute | 
6 9 $ 322 | Neutral AuCls| Partial reduction to metal. 
| with magne-| Needle-shaped crystals. Plates 
| site 1 kIG: So. 
7 Gai rtt | 332 | Neutral AuCls| Good plating. Needle-shaped 
| with magne- | crystals. 
; site 
8 22 a | 363 | Gold chloride | Complete reduction to metal. 
| and Iceland } 
| spar | 
9 9 bi | 324 | Strongly acid | Partial reduction. No plating. 
| | gold chloride | 
| | and Iceland | 
| spar. Acid at | 
| | end of experi- | 
| ment 
10 a2“ 318 | AuCls contain- | Partial reduction. Slight plating. 
| ing CaCls and | 
| | Iceland spar | 
II 10} “ 332 | Strong AuCls | Reduction to metal without plat- 
| containing ing the Iceland spar. 
| | CaClsand Ice- | 
| | land spar 
12 I5 Sj 312 | Gold chloride | Some gold crystals with unde- 
and _ Iceland| composed hydroxide. 
| spar | 
13 9 ‘ 328 | Gold chloride Incomplete reduction to metal. 
{| and Iceland | 
| spar 
14 ge. + | 325 Strong neutral | Clusters of gold crystals. Plate 
| |} AuCl; with | IXB. 
| | Iceland spar | 
15 YE | 340 | Strong neutral | Incomplete reduction to metal. 
| |} AuCls with | 
| | Iceland spar 
16 8 “s 337 | Slightly acid | Good plating with crystals ad- 
| gold chloride | hering to it. Plate XB. 
| and Iceland | 
| | spar 
17 34 se | 358 | Strong neutral | Calcite well plated. Plate XA- 
gold chloride | 





and calcite 








182 


Exp. 
No. 


18 


29 


30 


33 | 


34 


Duration of 
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Maximum 

















Heating. Temperature. Conditions. Results. 

16 hours 334° Saturated gold Iceland spar covered with yellow- 
| chloride and ish-white coating of gold hydrox- 
| Iceland spar ide. 

9 336 | Saturated gold | Iceland spar covered with yellow- 
| chloride and ish-white coating of gold hydrox- 
| Iceland spar ide. 

ot... 2 372 | Gold chloride | No decomposition. 
| solution | 

ae 379 | Gold chloride | Complete decomposition. Very 
| solution fine crystals. 

8 * 404 | Gold chloride | Complete dccomposition. 
| solution 

ot 436 | Acid geld chlo- | Complete decomposition. Spongy 
| ride solution | metal. 

6 % 446 | Gold chloride | Complete decomposition. Ex- 
| solution | cellent crystals } inch long. 

8 a 352 Gold chloride | Slight reduction to metal. 
| with trace | 
| CaCle 

6 as 387 | Gold chloride | No further decomposition. 
| with trace 
| CaCl | 

9 e 404 Gold chloride | No decomposition. 
| with calcium | 
| chloride | 

8 as 454 | Gold chloride | Slight decomposition. 
| with 8 per | 
| cent. CaCl:.6 | 

H20 | 

63 383 Gold chloride | No decomposition. 

with 8 per 
cent. MgCle | 

si “ 454 | Gold chforide | Very slight decomposition. 

with 8 per 
cent. MgCle 

a 460 Gold chloride | No decomposition. 

with 8 per 
| cent. NaCl 

8 a 504 Gold chloride | No decomposition. 

with 8 per 
cent. NaCl 

at * 399 Gold chloride | No plating. A few crystals of 
| with 8 per| gold produced. 
| cent. NaCl and 
| Iceland spar 

83 347 | Gold chloride | Slight increase in number of gold 

with 8 _ per crystals. 
cent. NaCl and 
Iceland spar 

7 - 336 Gold chloride | No change. Very few crystals 

with 8 per] of gold. 


cent. NaCl and 
magnesite. 
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Exp. Duration of Maximum ake 
No. Heating. | Temperature. Conditions, Results. 


36 4 hours 











| 

| % _ ‘ 2 

| 490° Gold chloride Very few crystals of gold. 
with 8 per 

| cent. NaCl and 

| magnesite 

| 

| 

| 

1 

| 

| 

| 


37 9 ss 389 Gold chloride | Complete reduction of chloride to 
with saturated metal. 
calcium bicar- 
bonate sol. 
38 4 351 Gold chloride | Very slight reduction to metal. 


with saturated 
calcium bicar- 
bonate sol. 
39 6} “* 348 Gold chloride Reduction to metal containing 
with saturated some hydroxide. 
magnesium bi- 
carbonate sol. 


40 si “ 444 AuCls; with 8 Complete decomposition. Very 
per cent. fine crystals. 
MgChk and 


Iceland spar 








Observations. 


From our experiments it is evident that the compounds of gold 
are more resistant to high temperatures when the pressure is 
that exerted by the expansion of steam, than they are at atmos- 
pheric pressures. 

The action of calcium carbonate or magnesium carbonate. 
which are plentiful in nature both in the form of carbonate rocks 
and dissolved in the natural waters, is to first precipitate auric 
hydroxide when they come in contact with a water containing 
gold chloride; then if the temperature becomes higher than 310° 
under the pressure which steam would exert at those tempera- 
tures, which is approximately 100 atmospheres, crystals of 
metallic gold are produced. 

It should be borne in mind that while the precipitation of auric 
hydroxide takes place readily when a gold chloride solution comes 
in contact with the alkaline earth carbonates, auric oxide or 
auric hydroxide do not occur in nature. No oxidized gold 
compound occurs in nature, and although we have repeatedly 
called attention to the stability of gold oxide, it must be dis- 
tinctly borne in mind that its stability is only relative, and that 
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in general the compounds of gold are the most easily broken 
down into metal of the compounds of any of the metals. 

The action of various salts, such as magnesium chloride and 
sodium chloride, is to somewhat lower the decomposition point 
while the action of calcium chloride appears to have a slight 
tendency to prevent this decomposition. 

Inasmuch as the alkaline chlorides are solvents to a slight 
degree for silver chloride, it is possible that the existence of 
silver in the native gold may be accounted for in this way. 
While experimental data are lacking on the coprecipitation of 
gold and silver by this procedure, yet we have ample evidence 
that calcium carbonate or magnesium carbonate in all of their 
natural forms precipitate silver carbonate, which at the boiling 
point of water or in the autoclave at 150° is completely reduced 
to metal. 

The above experiments, in which an attempt has been made 
to imitate as closely as possible the conditions existing in nature, 
appear to be sufficiently suggestive to be offered as an explana- 
tion of at least how it is possible that certain gold deposits have 
been produced. 














THE PEGMATITES OF THE DULUTH GABBRO.! 
Frank F. Grovt. 
INTRODUCTION. 


This paper describes some pegmatitic phases associated with 
the Duluth gabbro in Minnesota. The wide differences of opin- 
ion as to the origin of pegmatites, long ago led Williams to sug- 
gest that pegmatites form by two somewhat distinct processes.? 
It is therefore not suggested that the conditions of origin at 
Duluth apply to all pegmatites, but it is clear that these pegma- 
tites were formed under conditions rather different from those 
commonly assumed for siliceous pegmatites. 


DESCRIPTION. 


The gabbro with which the pegmatites are associated at Du- 
luth was intruded into diabase flows, and during some sort of 
movement, was differentiated into a series of bands of varying 
composition. Near the base, bands of periodotite are conspic- 
uous, while higher up feldspathic bands are predominant.® 
There are patches in the banded gabbro, especially near the base 
and near the top, in which the gabbro minerals have grown 
coarse, with grains up to six inches in diameter; and since the 
borders of the patches are ill defined (Plate XIII., B) the masses 
are to be attributed to processes of segregation. Miarolitic cav- 
ities and a little biotite may be taken as indications of the presence 
of mineralizers but the biotite is scarcely more abundant than 

1 Published by permission of the directors of the United States Geological 
Survey and the Minnesota Geological and Natural History Survey. Part of 
a dissertation presented to the faculty of Yale University, in partial fulfil- 
ment of the requirements for the degree of doctor of philosophy. 

2 Williams, G. H., “ Granitic Rocks of the Middle Atlantic Piedmont Pla- 


teau,” U. S. Geological Survey, Fifteenth Ann. Rept., p. 684, 1895. 
3 F.F. Grout, Papers at the Geol. Soc. of America meeting, December, 1917. 
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in some common bands of the gabbro. The patches of notably 
coarse grain range from a few inches to many feet across and 
are estimated from incomplete exposures to be roughly ellipsoidal 
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Fic. 30. Sketch of the area occupied by the Duluth gabbro, showing by 
small spots, the places in which pegmatite has been noted. Symbols of dip 
and strike are based on a banded structure in the gabbro; the “red rock” is 
considered a differentiate of the same intrusion. 











PEGMATITES OF THE DULUTH GABBRO. 187 
to somewhat tabular in form. In many places near the base the 
patches are numerous. Specific localities are: east of the tunnel 
at Short Line Park, Duluth; on the Northern Power Company 
power line, half a mile west of Piedmont Avenue, Duluth; at 
Allen Junction; on an island in Poplar Lake; and at Lake Num- 
ber Four. (See Fig. 30.) 

There are also, just outside the gabbro, pegmatitic dikes rang- 
ing in size from the smallest stringers (Plate XIV., B) to dikes 
several feet wide. They extend downward from the gabbro 
into the floor rock, to a distance equivalent to about 100 feet 
from the former position of the gabbro. No such dikes appear 
inside the gabbro. The best exposures are east of the tunnel of 
the Duluth, Winnipeg and Pacific Railway near Short Line Park. 
Some of the dikes have the mineral composition of coarse gabbro, 
but others vary widely, some being granitic. Near Birch Lake 
the Mesabi iron formation close to the gabbro bears an abun- 
dance of disconnected pegmatitic stringers. (See Plate XIII., 4.) 


ANALYSES OF OLIVINE GABBRO AND ENCLOSED PEGMATITE, SHORT LINE Park, 





DvuLuTH. 
Olivine Gabbro, Pegmatitic Gabbro. 

SOc oe as acawe wokcaseseee 47.10 42.24 
PARADE oe See iota Se he Gielerain eo oiné, bce sins 12.92 18.50 
PR te See Sires Sa cika a alae tem 12.95 4.68 
BOM oio cts acinceed diy Sige ic-5 o Kaeo ate 9.46 14.50 
DAO ec eines. cee a ne we niosal ene 3.08 27 
COMM tates t ait eb ca oat eesiwe 10.2 10.36 
UE OS hapless Folie ee 2.61 2.19 
ON Bias Water on esas eee ose 0.92 0.33 
aD e cciiteas shine ca ca emene oe 0.71 1.80 
Pa Na bcs 5 Sawrawule ace enis 0.12 0.25 
CRD ee olin ate airs anes iwa.4e cies wie 1.67 
(iSO) eGo oN aeoret eer ere 1.38 1.16 
AD ean oe dien eae k wines 0.01 0.19 
PA Onis awa es siic.e ence eae 0.80 0.13 

101.62 100.76 
Classification Camptonose? Auvergnose 


Most of the minerals in the pegmatitic gabbro are much al- 
tered, but it is clear that some of the rocks have the same min- 


4 Assuming, as is evident, that some iron is oxidized. 
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erals as the adjacent olivine gabbro of normal texture. The 
pyroxene is augite and diallage; the olivine is conspicuous even 
in the field. Mr. George S. Nishihara has analyzed the gabbro 
and associated gabbro-pegmatite of Short Line Park. They are 
similar in many respects, but the pegmatite is more altered, con- 
taining much CQg. 

One instructive exposure is that of a curving four-foot peg- 
matite dike which shows in itself a complete gradation from 
gabbro sides to granite center. (See Plate XIV., 4.) The walls 
of this dike consist of diabase altered to a granulitic or sugary 
texture. Its marginal phase, which is in places firmly attached 
to the wall, is an apatitic gabbro with feldspars an inch or more 
in length. Within two inches from the border the interstitial 
red granophyr appears among the large grains of plagioclase. 
This siliceous material increases in proportion toward the center 
but without the least sign of any contact between types, and 
finally at the center becomes a quartz-feldspar-hornblende rock 
with granitoid, rather than granophyric texture. There is no 
sign of any banding, nor of any fluxion structure such as would 
indicate any intrusive movement towards the end of the process 
of crystallization. There is even a slight tendency along the 
walls for the crystals to point out at right angles to the walls— 
a comb structure made up of plagioclase crystals. The types 
have not been fully analyzed but the variation in alkalies shows 
the great change in the character of the feldspar. 


ALKALI CONTENT OF THE ZONES IN A PEGMATITE DIKE. 


Border Zone. Median Zone. Central Zone. 
PNEND . oéndeeseksawen wae eee 3.23 4.78 3.94 
1S, OE RT CRON neers" 1.71 2.34 6.32 


PEGMATITES OCCUR AT THE OUTSIDE OF THE MAGMA. 


The pegmatitic rocks thus far discovered in the gabbro are 
very close to the border. Many pegmatitic rocks related to the 
gabbro are in the floor rock below. It is to be emphasized that 
no pegmatite is found near the central parts of the mass. 

In the occurrence as a border phase, the pegmatitic gabbro 
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Discontinuous stringers of pegmatite in the Mesabi iron-bearing rocks 
where they form the floor of the Duluth gabbro. 





Patches of coarse grain, near the base of the Duluth gabbro. 
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Pegmatite dike, four feet wide. It varies in composition from coarse 
gabbro at the sides, to granite in the center. 




















B 
Stringers of pegmatite gabbro in the basalt forming a floor 
under the Duluth gabbro. 








PEGMATITES OF THE DULUTH GABBRO. 189 


resembles the more common siliceous pegmatites. In recent 
American descriptions the following are examples. The peg- 
matites of Maine are apophyses; less commonly, dikes in the 
granite.” At Barre, Vermont, dikes of pegmatite start from the 
granite surface and penetrate the schist. At Marblehead and 
Swampscott, Massachusetts, pegmatites occur in apophyses but 
not in granite.’ In New Hampshire the pegmatite is found to be 
less abundant in the granite and other plutonic formations than 
in the fibrolitic and other schists.§ At other places in New Eng- 
land where the country rocks are both granite and gneiss, the 
pegmatites occur in the gneiss rather than in the granite.? In 
Colorado pegmatites are reported from many districts.1° There 
is much pegmatite at Cripple Creek, but little in the Cripple Creek 
granite, of which the pegmatites are believed to be phases. In 
the Monarch district only a few pegmatites cut the granite but 
they are common as apophyses in the gneiss and schist. In the 
Montezuma district the pegmatites are found around the margin 
of the granite especially in connection with the metamorphics. 
In the Alma district pegmatites cut the gneisses and schists 
more than the granite. In Montana the pegmatites are rather 
closely associated with the margin of the Boulder batholith."* 
The relations are similar at Elkhorn,’* as also at several places 

5 Bastin, E. S., “The Pegmatites of Maine,” U. S. Geol. Survey Bull. 445, 
p. 14, IQII. 

6 Dale, T. N., “The Granites of Vermont,” U. S. Geol. Survey Bull. 404, 
Pp. 13, 1909. 

7 Crosby, W. O., and Fuller, M. L., “Origin of Pegmatites,” Tech. Quart., 
Vol. 9, p. 351, 1896. 

8 Crosby, W. O., and Fuller, M. L., Am. Geol., Vol. 19, p. 152, 1897. 

® Dale, T. N., “The Granites of Massachusetts, New Hampshire, and Rhode 
Island,” U. S. Geol. Survey Bull. 354, p. 158, 1908. Lahee, F. H., Am. Jour. 
Sci., Vol. 33, p. 457, 1912. 

10 Lindgren, W., and Ransome, F. L., U. S. Geol. Survey Prof. Paper 54, 
p. 48, 1906. Crawford, R. D., Colo. Geol. Survey Bull. 1, p. 19; Colo. Geol. 
Survey Bull. 4, p. 50, 1913. Patton, H. B., Colo. Geol. Survey First Report, p. 
132, 1909. George, R. D., Colo. Geol. Survey Bull. 3, p. 47, 1912. 

11 Barrell, Joseph, “Geology of the Marysville Mining District, Montana,” 
U. S. Geol. Survey Prof. Paper 57, p. 58, 1907. 

12 Weed, W. H., and Barrell, J., U. S. Geol. Survey, Twenty-second Ann. 
Rept., Pt. 2, Plate 48, 1901. 
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in British Columbia‘® and abroad. In the Haliburton and Ban- 
croft areas in Ontario, pegmatites are especially abundant in the 
thin covers of the intrusions.‘* According to several text-books 
these relations are common the world over. 

Nevertheless, although the Duluth pegmatite resembles these 
other occurrences in its border position, it differs from many of 
them in the detail of its relations. For example, Bastin says in 
general summary of the Maine occurrences, that where pegma- 
tites are abundant they seem to be in the roofs overlying bath- 
oliths; and this is apparently the general impression derived from 
occurrences elsewhere. However, since the floors of batholiths 
have not yet been closely studied, we can hardly state whether 
that floor also contains pegmatites. At Duluth more occur- 
rences have been noted near the floor of the mass than near the 
roof. The formation of pegmatite is evidently not governed en- 
tirely by the conditions of roof. 


PEGMATITES MAY FORM BEFORE MAGMA SOLIDIFICATION. 


Many investigators attribute pegmatites to the residual watery- 
magma, or “mother liquor” left after partial crystallization.’® 
As proof of their origin after solidification began, Barrell cites 
the fact that pegmatites occur in* tension cracks in the granite 
magma.’® Nevertheless, the proof that some pegmatite forms 
after partial solidification is not proof that they are in any sense 
a solidified mother liquor. If the process of crystallization left 
a mother liquor of pegmatite, its characteristic occurrence should 
be the central core of the mass, and not the border. As sug- 


13 Daly, R. A., “Igneous Rocks and their Origin,” p. 369, 1914. 

14 Adams, F. D., and Barlow, A. E., Canada Dept. of Mines, Memoir No. 
6, p. 140, 1910. 

15 See, e. g., Van Hise, C. R., “A Treatise on Metamorphism,” U. S. Geol. 
Survey Mon. 47, p. 728, 1904. Harker, A., “ Natural History of Igneous 
Rocks,” pp. 294 and 323, 1909. Daly, R. A., op. cit., p. 268. Barrell, J., Conn. 
Geol. and Nat. Hist. Survey Bull. 13, p. 88, 1910. Pirsson, L. V., “ Rocks and 
Rock Minerals,” pp. 178, 179, 1911. Williams, G. H., U. S. Geol. Survey, Fif- 
teenth Ann. Rept., p. 684, 1895. Lindgren, W., “ Mineral Deposits,” pp. 717- 
718, 1913. 

16 Barrell, Joseph, “ Geology of the Marysville Mining District, Montana,” 
U. S. Geol. Survey Prof. Paper 57, p. 58, 1907. 
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gested above, pegmatites are rarely if ever found near the cen- 
ters of large batholiths. The relative abundance of emanations 
from a magma at different stages is uncertain. The magmatic 
emanations that have been most carefully studied are probably 
those of contact deposits of metallic ores. It seems likely from 
these that emanation occurred at several stages, probably in part 
from liquid magma, and in part from magma from which crys- 
tallization had removed more or less anhydrous material, leaving 
a residue rich in water.’* Since metalliferous emanations may 
form before crystallization it is unreasonable to assume that no 
pegmatitic emanation could develop at an equally early stage. 
Several features of the Duluth pegmatites indicate that they did 
form early. 

I. It is mentioned above that no pematite dikes have been 
found in the main gabbro mass, but that many are close outside 
the border. If any of the gabbro had been solid and cooling 
when the pegmatitic material was generated, it would have been 
a favorable place for tension cracks and therefore for pegmatite 
dikes. Their absence suggests that the gabbro was not solid 
when they escaped, and it is probable that crystallization had not 
even begun. 

2. An even stronger argument is based on the composition of 
the dikes and their position under the gabbro. It might be sug- 
gested by some, that the pegmatitic gabbro was a product of the 
basal part of the magma while the more siliceous pegmatites 
were derived from a higher more siliceous horizon. But this is 
wholly improbable, for the pegmatites, both basic and siliceous, 
occur all together at the base, not at any higher horizon, except 
just at the top; and if a siliceous emanation from the top reached 
down to the base—15,000 feet below—it would surely leave some 
traces of pegmatite on the way down; and none are found. 

3. According to a current theory, during the solidification of 
average gabbro, olivine is probably one of the first essential min- 
erals to crystallize in large amounts. Ina slowly cooling magma 
the olivine crystals collect near the bottom, and the liquid be- 


17 Lindgren, W., “ Mineral Deposits,” pp. 666-668, 1913. 
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tween the crystals becomes progressively more basic.48 At Du- 
luth the field occurrences seem to meet the demands of this 
hypothesis; the rock near the bottom is a banded peridotite. It 
is very clear that during crystallization the bottom of the mass 
became more basic, changing from gabbro to peridotite. But 
when did the pegmatites form? They certainly do not resemble 
the peridotite; some of them are gabbro, but others are more 
siliceous, rather than more basic. It seems much more probable 
that a siliceous emanation came from the liquid original gabbro 
of medium composition, than from the partly crystalline peri- 
dotite with its mother liquor growing more and more basic. 

Furthermore, the dikes of differentiated pegmatite show that 
if there was any change in composition of the emanation from 
time to time, the siliceous portion must have been the later, for 
it forms the center of the dikes. Since the granite emanation 
was a late emanation, and yet earlier than the accumulation of 
the early olivine crystals, the pegmatite dikes must have formed 
before the main magma crystallized. 

In general, it seems likely that pegmatites escape from a fluid 
magma into the walls. If it happens that the borders of the 
magma begin to crystallize before the escape is complete, peg- 
matites will be found in the borders of the intrusion; otherwise, 
almost wholly in the wall rocks. 


MINERALIZERS IN PEGMATITE MAGMAS. 


Pegmatites are the source rocks for a number of hydrous min- 
erals like muscovite, and minerals containing rare elements, like 
tourmaline, wolframite, and the lithium minerals; and this fact 
is the main support of a theory that the magma or solution from 
which they formed was high in “mineralizers.” The idea is 
supported by the presence of miarolitic cavities and comb struc- 
tures, like the structures of veins formed from water solution. 
Since water reduces the viscosity of a magma allowing free dif- 
fusion, the coarseness of grain may also be considered a sign 
that water was present. The above-mentioned tendency for peg- 


18 Bowen, N. L., “ Later Stages of the Evolution of Igneous Rocks,” Jour- 
nal of Geology, Supplement, December, 1915, pp. 27 and 83. 
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matites to escape from the magma on all sides may be a still 
further indication of gases escaping from solution, for such 
border positions would be the logical points for gases to escape 
under such tension. However, the proportion of water which 
will yield notable effects is in some doubt. In many pegmatites 
rare elements, hydrous minerals, and cavities are not conspic- 
uous. W. H. Emmons found schist inclusions in a pegmatite, in 
such a position as to indicate that they did not sink—the magma 
did not contain water enough to greatly reduce its density.'® 
Similar conditions are reported from Boulder County, Colo- 
rado.”” There are thus two arguments against any invariably 
high proportion of water; if it was present it must have almost 
wholly escaped from some pegmatites; and if it was present it 
must have had very little effect on the density of the magma. It 
seems more probable that conspicuous pegmatite may develop in 
some conditions with only a small per cent. of mineralizers.*? 

The Duluth pegmatites are coarse, yet rare or hydrous min- 
erals are not specially abundant; there may be mentioned a few 
grains of monazite and locally some concentrations of apatite. 
Miarolitic cavities were seen in a few siliceous pegmatites. The 
diabase walls of the pegmatite must have been almost impervious 
to water, and certainly contained little water to contribute to the 
pegmatite. The rocks seem to have developed without much 
concentration of water. 


THE MECHANICS OF PEGMATITE SEPARATION. 


. 


On the theory of pegmatite “mother liquor,” the mechanics 
of separation depend on crystallization and possibly filterpress- 
ing; but it is here argued that some pegmatites separate before 
magma crystallization. Under what circumstances may a magma 
furnish a fluid differentiate with some extra water? It is ques- 
tioned by some whether water can diffuse out from a fluid 
magma, and suggestions have even been made that it is more 

19 Referred to by E. S. Bastin, Jour. Geol., Vol. 18, p. 310, 1910. 

20 George, R. D., “ Tungsten Area of Boulder County,” Colo. Geol. Survey 


Bull. 1, pp. 20-22, 1910. 
21 This agrees with the conclusions of Bastin in Maine, op. cit., p. 45. 
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likely to pass in.2* However, the physical chemistry of the com- su 
bination is fairly well outlined. ta 

The solubility of a gas such as water changes with variations th 
in pressure, temperature and composition. Given a magma, we w 
may well assume from any theory of its origin, as well as from di 
its later behavior, that it contains in solution, some water; the ql 
amount probably varies in different cases. Little can be said as 
to whether there is any approach to saturation at the depth of a 
magma formation, but it is clear that at a time of intrusion, both th 
temperature, pressure, and composition may change a good deal. tl 
The pressure becomes less; the wall rocks and magma tend to la 
equalize their temperatures; there may be solution of the wall fi 
rocks to modify the composition; and finally when crystals grow tc 
the residual liquid changes in composition because of their re- Vv 
moval. Each of these changes affects the concentration of the Oo 
dissolved water. At an early stage the pressure change is prob- u 
ably the most important. 

As a laccolitic magma heats its walls, any water in the wall I 
rock will be heated far above critical temperature, and if the a 
wall is impervious the pressure of the vapor will be enormous— f 
a pressure that would seem to be great enough to drive the vapor a 
into the magma, forcing it into solution. But it must be remem- t 
bered that solution depends not only on pressure but composition. \ 
If the magma is already saturated with gas at a certain pressure, ( 


more gas will dissolve only as the pressure increases. Is there 


a 


no limit to the pressure a gas may exert, forcing itself into solu- 
tion? Two may be suggested. (1) If the roof is not too strong 
it may be lifted. (2) If the magma is forced into the chamber 
by the greater pressure behind it, the pressure of gas must not i 
exceed that pressure of intrusion or it will stop the intrusion, ( 
forcing the magma back to the deeper reservoir. 


The question then is whether or not the magma is saturated 
with water at the pressure of laccolitic intrusion. If it is any- 
where near the saturation point under the deeper conditions of 
magma generation, the intrusion to much shallower chambers 
must relieve the pressure to such a degree as to leave it greatly 


22 Crosby and Fuller, op. cit. 
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supersaturated. The known transfer of material at some con- 
tact deposits is proof enough that there was supersaturation in 
those cases; and it is likely that similar conditions are common 
where the records are less clearly preserved. No doubt con- 
ditions vary, but it is almost certain that many intrusions give off 
quantities of water. 

As a whole it seems much more likely that water escapes from 
a magma than that the wall rocks contribute any to the magma, 
though both cases may occur. If the contact rock is impervious, 
the watery separate from a magma might collect as an upper 
layer of slightly lower specific gravity; if the rock is porous or 
fractured, the watery fluid might escape on any side, top or bot- 
tom, wherever a thin fluid may penetrate more readily than a 
viscous magma.”* Such separates are therefore to be expected 
on all sides, but the chief accumulations would probably occur 
under an impervious roof. 

The exact nature of this watery fluid is not so clearly known. 
It is above the critical temperature of water, but possibly not 
above the critical temperatures of a concentrated water solution. 
Above critical temperatures, pressure causes a great contraction 
and increase in density, so that the fluid may occupy less volume 
than liquid water at ordinary temperatures. Being in contact 
with molten magma, it is also a very active solvent, and may well 
contain enough rock minerals to produce pegmatite. Credit is 
given Arrhenius*! for the suggestion that between the mineral 
fusion and watery phases there is only limited mutual solubility. 
Pegmatites are a strong argument for the correctness of this 
idea. Whether the watery phase is to be considered a gas, or an 
immiscible liquid, may well be left for the physical chemist to 
decide after a study of strong solutions at high temperatures; 
but the evidence is very clear that something separates. The 
watery phase is likely to remain liquid longest. The various 
magma constituents will be divided between the two phases ac- 
cording to their solubilities. 

23 Such separation is discussed by Fenner, C. N., “Gneisses in the Highlands 
of New Jersey,” Jour. of Geology, Vol. 22, pp. 694-702. 1914. 

24 Geol. Foren. Forh., Vol. 22, pp. 395-415, 1900. 
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THE DIFFERENTIATION OF PEGMATITES. 


The variability in pegmatite dikes both lengthways and side- 
ways has been observed at many localities. The gradation from 
feldspar rock to quartz rock has been of special interest in the 
study of quartz veins. The change is commonly thought of as 
due to the crystallization of the feldspar from the solution before 
it got far from the magma source, while the quartz stayed in 
solution farther. Where quartz forms a central zone in a peg- 
matite dike it is attributed by some to a change in the character 
of the emanation rather than to differentiation in place. Never- 
theless it is noteworthy that the fluidity indicated by the coarse- 
ness of grain and supposed presence of water would be a great 
aid to differentiation even without later or long continued intru- 
sions. Any such later movements would be likely to produce a 
banded structure or internal contact, but differentiaiton has oc- 
curred in dikes that show no such structures. Even in the ab- 
sence of coarse grains, dikes have differentiated,?* but strongly 
contrasted differentiates are reported mostly from larger dikes. 
Pegmatites may show, in a narrow dike, a change from pure 
feldspar sides to pure quartz center; or as at Duluth, a change 
from gabbro sides to granite center. The latter case, though no 
more extreme, results in rock types which are less often related 
in outcrop than quartz and orthoclase. 

Bowen explains the occurrence of dikes with basic borders by 
the passing of magmas of gradually changing composition.”® 
The same idea has strong support in the pegmatites in the fact 
that the crystals have grown so very large that the supply of ma- 
terial was probably maintained by a magma movement of some 
sort. Bowen sharply contrasts differentiation in situ, with the 
continued passage of magma of changing composition. At 
Duluth the antithesis indicated by such terms finds no place. 

25 Geikie, A., “ Structural and Field Geology,” pp. 203-204, 1905. Lawson, 
A. C., “ Differentiation of Dikes,” dm. Geol., Vol. 7, p. 153, 1891. Biicking, 
H., “Jahrbuch k. preuss. Landesanst.,” 1887, Taf. V. Winge, K., “Geol. 
Foren. Forh.,” Vol. 18, p. 187, 1896. Daly, R. A., “ Igneous Rocks and their 
Origin,” pp. 77, 78, 246, 402, 1914. Harker, A., “ Natural History of Igneous 
Rocks,” p. 146, 1909. 

26 Bowen, N. L., op. cit., p. 14. 
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There was probably slow movement and considerable convection 
circulation to assist diffusion during crystallization, but the dif- 
ferentiation took place in the dike, not in the magma chamber 
from which the dike came; for that magma was becoming a 
peridotite, while the center of the dike was becoming a granite. 


SUMMARY. 


Pegmatites occur associated with the Duluth gabbro, having 
formed on all sides of the mass, largely as emanations into the 
wall rock. Distinct dikes are found only outside the contact of 
the gabbro. This fact, in connection with the siliceous nature 
of some pegmatites and the peculiarly basic nature of the gabbro 
near by, indicates that the pegmatite magma separated from the 
gabbro magma, before crystallization had begun to produce basic 
segregations. That is, the two magmas separated as two fluids, 
rather than as a separation of crystals from a fluid. The peg- 
matite magma seems to have carried only a moderate amount of 
mineralizers, and yet enough to facilitate the growth of large 
crystals, and a sharp differentiation, for some dikes vary from 
granite to gabbro in a space of two feet. 











SUPERFICIAL DIP OF MARINE LIMESTONE STRATA. 
A FACTOR IN PETROLEUM GEOLOGY.’ 


Kirttey F. MatHer. 


Petroleum geologists have long recognized the necessity of 
distinguishing between the inclination of beds due to purely 
surfical causes and that resulting from crustal deformation. The 
latter only is indicative of the underlying structure. The lentic- 
ular nature of most sandstone strata, combined with the diffi- 
culty of positively identifying definite beds in many sandstone or 
shale series, has led to the habit of mapping “limes” wherever 
possible. It is frequently assumed that the attitude of a lime- 
stone formation is identical with that of a petroliferous stratum 
two or three thousand feet below. In addition to the important 
and well-known factor of convergence of beds due to thinning 
or thickening of intermediate formations, there are other causes 
which in some localities render this assumption erroneous. It is 
the purpose of this paper to call attention to certain of these 
commonly neglected factors. The departure of marine limestone 
beds from a horizontal position may be due to 


1. Crustal deformation. 
. Superficial slumping caused by 
(a) Solution of underlying beds. 
(6) Sliding over wet shales. 
3. Superficial folding caused by 
(a) Changes in temperature. 
(6) Hydration or dehydration. 
4. Original dip resulting from 


to 


(a) Deposition on an uneven or sloping floor. 
(6) Contemporaneous erosion and deposition. 
(c) Building of coral or other reefs. 


1 Published with the permission of the Director of the United States Geo- 
logical Survey. 
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SUPERFICIAL SLUMPING. 


In the detailed mapping of geologic structure, the petroleum 
geologist must be, and generally is, continually on his guard 
against the inference that beds displaced by gravity are still “in 
place.” Superficial movement may be recognized in most in- 
stances by the chaotic condition of the limestone ledges or of the 
underlying shales. Lack of alignment with the structural 
“trend” of the district, the presence of large or numerous solu- 
tion cavities or of stalactitic deposits in fissures, and unusually 
abrupt changes in attitude of the beds serve as warnings to stimu- 
late extra vigilance. In certain parts of Kentucky and Ten- 
nessee where the topography is the result of limestone sinks and 
the permanent drainage is in large degree underground, it is 
impossible to determine structure in detail, for few, if any, out- 
crops are “in place.” 


MAJOR UNCONFORMITY. 


As opposed to the problem of determining whether a particular 
ledge is “in place” as observed, there is another question which 
is frequently far more important: to what depth does the inclina- 
tion observed at the surface extend? So far as the moderate 
depths of less than a mile are concerned, there are three factors 
to be taken into consideration: unconformities involving epochs 
of crustal deformation preceding the deposition of the out- 
cropping strata, folds induced by surface rather than deep-seated 
agencies, and original dips due to the conditions of deposition. 

The structure of folded petroliferous strata buried beneath 
an unconformable veneer of comparatively flat-lying sediments 
can, of course, be revealed only by the drill. The mapping of 
surface structure is of aid only inasmuch as the crustal warping 
thus revealed must also have affected the more ancient folds of 
the beds beneath the unconformity. Moreover, if the deforma- 
tion is isostatic, it is quite probable that the later movements are 
but renewals of earlier flexures in similar directions at the same 
localities. 
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SUPERFICIAL FOLDING. 


True folds induced by surface agencies unconnected with in- 
ternal secular adjustment are probably very limited in their ex- 
tent and confined to exceptional areas. Gilbert,? recognizing the 
superficial nature and post-glacial origin of certain anticlinal 
folds in the limestones and shales of western New York, at- 
tributed them to “horizontal expansion of superficial strata, 
consequent on post-glacial amelioration of climate.” Cushing* 
has published photographs of similar post-glacial buckles and ex- 
pressed doubt as to the competency of Gilbert’s hypothesis as ap- 
plied to thick-bedded limestones. Although it is, of course, true 
that post-glacial climate is no warmer than pre-glacial climate. 
the contraction resulting from ice-chilling would be compensated 
not only by molecular adjustment but also by the development of 
cracks or widening of joints which would probably be filled by 
glacial debris. Such compensation would not everywhere be 
reversible when expansion followed the rise-in temperature con- 
sequent upon deglaciation. A concrete walk buckles during the 
summer months even though it was laid during just as warm a 
time the preceding summer. 

It is conceivable that similar surface warping may result from 
the hydration of certain sedimentary rocks. Just as dehydration 
develops shrinkage cracks so hydration induces expansion, which 
under exceptionally favorable conditions might cause flexing of 
surface beds. 


ORIGINAL DIP. 


Deposition on Uneven Floor.—Far more important than sur- 
face warping is the factor of original dip. In general, the 
bedding of sedimentary rocks conforms originally to the slope 
of the floor upon which the sediments accumulate. Probably 
no formations were ever deposited in a perfectly horizontal atti- 


2G. K. Gilbert, “Some New Geologic Wrinkles,” Am. Assoc. Adv. Sci., 
Proc., Vol. 35, p. 227, 1887; Am. Jour. Sci. (3), Vol. 32, p. 324, 1886. 

3H. P. Cushing et al., “Geology of the Thousand Islands Region,” N. Y. 
State Mus., Bull. 145, pp. 115-118, pl. 29, 30, 1910. 
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tude over very extensive areas. At many places the original 
departure from horizontality was considerable. 

The Ordovician limestones of eastern Ontario at several locali- 
ties rest upon the eroded surface of pre-Cambrian crystalline 
rocks. This surface, although frequently and correctly referred 
to as a peneplain, is characterized by numerous rounded hills 
and knolls projecting one or two hundred feet above the inter- 
vening depressions. The structural relations are well displayed 
near Kingston, Ontario, situated near the margin of the pre- 
Cambrian shield on the southwestern flank of the Frontenac axis 
which connects the Adirondack area of pre-Cambrian rocks with 
the larger Laurentian region. Wherever exposed, the contact 
between the pre-Cambrian and overlying sedimentary rocks is 
clean and free from residual clay. Basal conglomerates are in 
most places from two to ten feet thick and consist of fragments, 
large and small, of granite, quartzite, and quartz, embedded in 
a matrix of fairly pure calcium carbonate. The beds near the 
pre-Cambrian floor conform more or less perfectly in dip to the 
slope of that floor. 

At Kingston Mills, 5 miles northeast from Kingston,® the 
road-bed of the Grand Trunk Railway cuts across the flank of a 
granite hill on the lower slopes of which are preserved small 
remnants of the limestone with which the hill was once veneered. 
The contact between the granite and limestone on the north side 
of the cut is shown in Plate XV., d. Other reproductions of the 
same contact have been published by Kindle and Burling® and 
Baker.‘ Although the slope of the granite hill was here very steep, 
in places exceeding the angle of rest for unconsolidated material 
undisturbed by moving currents, it is noteworthy that every- 
where the limestone strata slope away from the granite mass 

4M. B. Baker, “The Geology of Kingston and Vicinity,” Ontario Bur. 
Mines, 25th Ann. Rept., pt. 3, 1916. E. M. Kindle and L. D. Burling, “ Struc- 
tural Relations of the pre-Cambrian and Paleozoic Rocks North of the Ot- 
tawa and St. Lawrence Valleys,” Geol. Surv., Canada, Mus. Bull., 18, pp. 6-7, 
1915. 

5 See geologic map accompanying report by M. B. Baker, op. cit. 


6 Op. cit., Pl. IIA. 
7 Idem, Fig. 2. 
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with angles of dip varying up to 7°. Individual beds thicken 
notably as traced away from the granite knoll so that the higher 
beds are more nearly horizontal than the lower ones. The same 
formation may be observed in a perfectly horizontal attitude a 
short distance away from the granite exposures both toward the 
west and east. 

At Barriefield, Ontario, a mile and a half east from Kingston, 
there is exposed a small knoll of pre-Cambrian gneiss, the crest 
of which outcrops as an inlier within the area of Ordovician lime- 
stones. The latter dip away from the gneiss hill toward all 
points of the compass as indicated in the diagram, Fig. 31, repre- 











Fic. 31. Diagrammatic section through quaquaversal structure at Barrie- 
field, Ontario, showing relation of Ordovician limestone to underlying pre- 
Cambrian rocks. 


senting a section through the quaquaversal structure in any direc- 
tion. In places the pitch of the limestone is perfectly adjusted 
to the slope of the gneiss floor. Short distances away the lime- 
stones are approximately flat or dip southwestward at a rate of 
twenty or thirty feet per mile. 

Throughout the entire region bordering upon the pre-Cambrian 
area of Ontario and New York, where the Paleozoic strata are 
only a few score of feet in thickness, there are many structural 
domes of similar dimensions to the Barriefield quaquaversal. 
Erosion has denuded a portion of the pre-Cambrian hill at that 
locality and made clear the cause of the departure of the beds 
from a horizontal position. In all probability the majority of the 
similar anticlinal “folds” reported by Cushing,’ Kindle,® and 

8H. P. Cushing, “ Geology of the Thousand Islands Region,” New York 
State Museum, Bull. 145, p. 114, 1910; “Geology of the Vicinity of Ogdens- 
burg,” New York State Museum, Bull. 191, pp. 52, 53, 1916. 


®E. M. Kindle, “The Ordovician Limestones of the Kingston Area,” On- 
tario Bur. Mines, 25th Ann. Rept., Pt. 3, p. 44, 1916. 
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others are in reality due to the original dip of sediments de- 
posited on the flanks of similar pre-Cambrian hills which have 
not yet been laid bare by erosive agencies. 

Wherever sediments are deposited on the undulating surface 
of the pre-Cambrian formations, dome-like structures due to 
original dip may be expected in greater or less degree, depend- 
ing upon the contour of the crystalline floor and the conditions 
controlling accumulation. Structural features of this type prob- 
ably explain the peculiar occurrence of natural gas in northern 
Ontario and Quebec at the contact of sedimentary and crystalline 
rocks. According to Clapp,?° gas “is held in the zone of the 
lower Potsdam sandstone, which is of arkose nature, and rests 
directly upon the underlying granite or gneiss. The deposits 
seem, so far as the writer has been able to learn from men who 
know the fields, to occur on top of prominent knobs of the 
granite.” The accompanying diagram, Fig. 32, illustrates the 





Fic. 32. Diagram showing probable occurrence of natural gas at the con- 
tact between Potsdam sandstone and pre-Cambrian granite in Ontario and 
Quebec. Compare with Clapp’s Fig. 7, Bull. 291, Mines Branch, Canada. 


probable structural conditions and adequately accounts for the 
concentration of gas in pools on the summits of the knolls of pre- 
Cambrian rock. 

Contemporaneous Erosion and Deposition—Limestone beds 
may be deposited on steeply inclined surfaces in the midst of a 
single formation as a result of contemporaneous erosion and 
deposition. Significant illustrations of this phenomenon are sup- 
plied by Mississippian limestones in south-central Kentucky 


10 F, G. Clapp, “ Petroleum and Natural Gas Resources of Canada,” Mines 
Branch, Publ. No. 291, Vol. 1, p. 105, 1914. 
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where original dip recurs again and again within the limits of 
certain formations. 

In Allen County" and vicinity in Kentucky and Tennessee, the 
Ohio (Chattanooga) black shale is overlain by greenish lime- 
stones and limy shales aggregating about forty feet in thickness. 
The beds are generally thin, with the more calcareous strata 
ranging up to Io inches in thickness, but in places very massive 
limestones may be observed. Many of the beds are composed 
of fragments of crinoid stems rather loosely cemented by green- 
ish-gray mud or sand and contain an abundance of geodes, some 
of which are the result of crystallization within the calyces of 
large globose cystids. The lithologic character of the formation 
is not constant, but nearly everywhere it may be recognized by 
its abundance of crinoid stems and its green color. The forma- 
tion is the stratigraphic equivalent of the lower portion of the 
Waverly series as defined in east-central Kentucky and Ohio. Its 
fauna indicates contemporaneity with the later Kinderhook or 
early Burlington life of Illinois and Missouri. 

Good exposures are rare, but along many hillsides the more 
massive limestone beds may be traced for a few score feet. In 
several localities in Allen County these limestone ledges dip at 
angles of 3° to8°. A typical occurrence is that along the Louis- 
ville and Nashville Railroad a half-mile north of the town of 
Petroleum. There seems to be no reason for not inferring that 
the observed dip at this and other outcrops is the result of crustal 
deformation and accurately indicates the attitude of the sub- 
jacent strata. Yet, serious doubt is cast upon that inference by 
the more perfect exposures provided in the railroad cuts along 
the L. & N. R. R. between the towns of Aldolphus and Petroleum. 

Plates XV., B, XVI., illustrate the outcrops at this latter locality. 
XV., B, might well be taken as an illustration of an angular ero- 
sional unconformity involving crustal deformation preceding the 
deposition of the overlying horizontal beds. The irregular 
bedding of the tilted strata with their undulatory bedding planes 


11E,. W. Shaw and K. F. Mather, “The Oil and Gas Geology of Allen 
County, Kentucky,” U. S. Geol. Survey, Bull. —, 1918. 








PLATE XV. Economic GeEoLocy. VOL. XIll. 








| North side of railway cut, Kingston Mills, Ontario; Ordovician limestones 
with basal conglomerate rest unconformably on the eroded surface of pre- 
Cambrian granite. The limestones pitch in the same direction as the slope 
of the granite knoll, but at a lower angle. 





Mississippian limestones exposed in railway cut midway between towns of 
Adolphus and Petroleum, Allen County, Kentucky. Dip of lower beds is due 
to deposition on the side of a channel eroded by submarine currents. 








PLATE XVI. Economic GEoLoay. VOL. XIII. 








Same locality as XV B. The pitch of beds is due to contemporaneous 
erosion and deposition of marine limestones and shales. Note variations in 
thickness of individual strata. 








Same locality and formation as above. The lower beds are horizontal 
while the upper ones show original dip due to deposition on a submarine 
slope. 
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awakens a suspicion against that conclusion which is rendered 
still more doubtful by such conditions as those indicated in Plate 
XVI, A. The strata above the “ unconformity” are themselves 
inclined and quite evidently owe their inclination to original dip. 
Traced down the slope, individual beds increase in thickness from 
a mere film to six or eight inches. The floor upon which suc- 
cessive layers accumulated was thus gradually brought back tu 
a horizontal position as deposition progressed. All doubt as tc 
the superficial nature of the tilting recorded here is dispelled by 
the exposure reproduced in Plate XVI., B. In this railroad cut 
the basal strata are horizontal and undisturbed, but cutting down 
across their bevelled edges lie similar beds with an original dip of 
10°. In another place, a shallow basin or trough, 3 feet deep 
and 35 or 40 feet across, eroded in gently dipping strata, is filled 
by beds pitching toward its center and thickening notably from 
the margins toward the middle; these are in turn bevelled above 
and overlain by horizontal strata. Clearly the pitch of such 
strata is the result of deposition upon an uneven and inclined 
surface due to the excavation of submarine channels by ocean 
currents. 

The formation thus described is a truly clastic formation, in 
spite of its high content of lime, composed of fragments thrown 
together and accumulated under the influence of waves and cur- 
rents. Its fossils were broken and dashed to pieces, crinoid 
heads disintegrated, brachiopod valves torn asunder, and horn 
corals scratched and worn, before they found a resting place in 
the calcareous muds and silts of the ocean floor. The activity of 
waves and currents is also attested by the sudden variations be- 
tween superjacent beds, the abrupt changes in thickness of in- 
dividual strata, and the cross-bedding which occurs in all scales 
from small to great. 

Obviously, such a formation is to be avoided by the petroleum 
geologist for at the average outcrop he cannot hope to discrimi- 
nate with certainty between the dip of originally inclined strata 
deposited on the slope of an eroded trough and that of beds 
originally horizontal but now deformed by crustal warping. 
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Seldom, if ever, may a dip in beds displaying this character, be 
recorded safely as indicative of structural deformation affecting 
the subjacent oil-bearing strata. 

Coral and Other Reefs—A third cause of original inclina- 
tion of marine limestone strata is to be found in the building of 
coral reefs and the accumulation of organic material in excessive 
amounts at limited localities. Grabau has described’? many 
fossil reefs, several of which are surrounded by limestone beds 
pitching at various angles away from the reef. 


CONCLUSION. 


It is evident from the foregoing considerations that a careful 
study of the lithologic features and structural relations of marine 
limestones is essential to successful determination of detailed 
structure, not only because of its value in correlating and identify- 
ing isolated outcrops, but because of its bearing upon the problem 
of recognizing superficial dip, and its aid in avoiding the pitfalls 
which lie in the too-frequent conclusion that the observed dip is 
reproduced in beds several hundred feet below the surface. 


” 


12 A. W.Grabau, “Principles of Stratigraphy,” New York, 1913, pp. 417-447. 





DISCUSSION 


This department has been established by the editors in order to afford ta 
those interested in questions relating to economic geology an opportunity for 
informal discussion. Contributions are cordially invited either in the form 
of discussion of more formal papers appearing in earlier numbers or bearing 
upon matters not previously treated. Letters should be directed to the Editor, 
Sheffield Scientific School of Yale University, New Haven, Conn. The full 
name of the author should be attached to all communications. 


CREVICES AND CAVITIES IN OIL SANDS.' 


Sir:—Advantage of the general rule that discussion of scien- 
tific papers adds to their value may perhaps be taken with pro- 
priety in asking for space and attention for that purpose when 
one’s contribution may not be worth offering independently. 
The results of a study of oil and gas reservoir rocks? recently 
published in Economic GEoLoGy seem to me a move in the right 
direction, for although the conditions and processes that affect the 
rocks of the great sedimentary basins and their entire geologic 
history have been relatively simple, at the same time I am im- 
pressed with the idea that we are still doing pioneer work in the 
study of these economically important rocks and their fluid con- 
tents. Pioneers have broad vision and confidence but do little 
intensive cultivating. Petroleum geologists are, to be sure, de- 
termining structure with great care and detail, but we know little 
of the comparative petrography of petroleum-bearing and water- 
bearing sands, and we seem to have cared less for their petrology, 
this being of less immediate economic value. 

Lauer’s main conclusions are: (1) That cracks and cavities 
constitute a large part of oil reservoirs; (2) that they have been 

1 Published by permission of the Director U. S. Geological Survey. 

2Lauer, A. W., “The Petrology of Reservoir Rocks and its Influence on 


the Accumulation of Petroleum,” Econ. Geor., Vol. XII, No. 5, pp. 435-472, 
August, 1917. 
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the main routes of migration; and (3) that recognition of their 
existence puts the anticlinal theory on a firm basis, as indicated 
in the following quotations: 


The results reveal that porosity is not so much a matter of original in- 
terstitial openings, but that later induced openings have played a part 
hitherto insufficiently recognized. The result is to give more effective- 
ness to hydrostatic water action and on these grounds, plus a careful 
weighing of the merits of other theories proposed, the writer concludes 
for a defense of the anticlinal theory (page 436). 

A review of the preceding evidence reveals the enormous importance 
of induced porosity in oil accumulation. ... It entirely overshadows 
the original porosity of an interstitial nature except in the case of loosely 
consolidated sands (page 462). 

All discussions of porosity heretofore published have been of too lim- 
ited a scope and have erred in not sufficiently recognizing the part played 
by openings of an induced nature. They have furthermore gone to the 
extreme in this limited discussion of original porosity by attempting to 
find accurate percentages of voids based on the absorptive properties of 
oil rocks. . . . Thus it has happened that a porosity factor of often minor 
consideration has been dealt with alone, to the exclusion and disregard 
of all the other, often much more potent factors (page 463). 


I should tike to approach the subject as an opponent in debate, 
not so much because of confidence that the affirmative is wrong 
as for the sake of critical examination of the data to see what 
they do imply. I should like to argue something like this: 

I. Cracks and cavities have not failed to receive their due 
share of attention. 

(a) It seems to be granted, and I believe correctly, that the 
interstice existed before it became filled with oil or gas, and that 
it has not changed much since. If so, its origin is of much less 
significance in the study of oil and gas accumulation and the de- 
termination of the correctness of the above propositions than its 
size, form, connections, etc. Hence it would seem better for 
present purposes to talk of the interstices as they are rather than 
their genesis. Accordingly the terms “ original” and “ induced” 
will be avoided, and since size is apparently the main considera- 
tion, “capillary” and “ supercapillary”” will be used. Subcapil- 
lary seems to be a concept of doubtful value in oil and gas studies, 
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for if a tube smaller than supercapillary is large enough for oil, 
gas, or water, to get through, it generally acts as a capillary tube; 
if it isn’t it might as well not be a tube. 

(b) More than 50 years ago Lesley* attempted to compute 
and classify the interstitial space in oil-bearing rocks and field 
observations in Pennsylvania, West Virginia, Ohio, and Ken- 
tucky led him to the estimate that pore space constitutes % or 4 
of the volume of productive strata, and that cracks and cavities 
have an aggregate volume only Yoo as great. Coste’ foretold 
the finding of oil in places in Ontario, basing the prophesy on 
his belief that the migration and accumulation of oil is controlled 
by fissure zones caused by volcanism, and that such zones extend 
into Ontario from the Appalachian and Lima-Indiana oil fields. 

Some of the early workers on the anticlinal theory, as for ex- 
ample, Ashburner,® supposed that the oil is on anticlines because, 
as they thought the rocks are more fissured in such places than 
elsewhere. T. Sterry Hunt, who is said by White® and others 
to have developed and presented the anticlinal theory in 1859, 
really said simply this: 

The date 1859 should apparently read 1861, for Hunt seems to have written 
nothing on the subject in 1859, and says himself (Chem. and Geol. Essays, 
p. 174, 1875): “It is not here the place to insist upon the geological condi- 
tions which favor the liberation of a portion of the oil from such rocks and 
its accumulation in fissures along certain anticlinal lines in the broken and 
uplifted strata. These points in the geological history of petroleum were 
shown by me in my first publications on the subject in March and July [Au- 
gust], 1861 ” [lecture before the Board of Arts of Montreal given on Tuesday 


night, February 26, reported in the Montreal Gazette, Friday morning, March 
1, 1861; and Canadian Naturalist, Vol. 6, pp. 241-255, August, 1861]. 


It required, however, a peculiar arrangement of the strata to allow the 
oil to accumulate and flow out [of the cracks, cavities and pores in the 


3 Lesley, J. P., “On the Mode of Existence of the Petroleum in the Eastern 
Coal Field of Kentucky,” Am. Philos. Soc. Proc., Vol. 10, pp. 57, 59, 1865. 

4 Coste, Eugene, “ Natural Gas in Ontario,” Can. Min. Inst. Jour., Vol. 3, 
Pp. 79, 1900. 

5 Ashburner, C. A., “ The Geology of Natural Gas,” Am. Inst. Min. Eng. 
Trans., Vol. 14, pp. 428-438, 1886. 

6 White, I. C., Introduction to “ Geology of the Oil and Gas Fields in Se- 
wickley Quadrangle by M. J. Munn,” Topog. and Geol. Survey of Penna., 
Report No. I, 1910, p. 13. 
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underlying limestones], and this will only be met within the lecturer’s 
opinion along lines of folding and disturbance which geologists have 
shown to exist in various parts of that region.? 


Many other writers have given attention to fissures and cav- 
ities, as exemplified by the following quotations arranged in 
chronological order : 


If the oil is found in fissures in the rocks, it is natural to suppose that 
in those places where the fissures are the most numerous and largest the 
oil would be formed in the largest quantity. 

. it is in regions where the strata have been the most disturbed and 
where the fissures are the most numerous, that the most oil is found.® 

[The rocks] hold [petroleum] in three ways: (1) By being more or 
less gravelly and porous throughout; (2) by being cracked in systems of 
cleavage planes throughout; (3) by being traversed by large fissures® 

The general conditions upon which the occurrence of natural gas 
seems to depend ... are: (a) The porosity and homogeneousness of 
the sandstone which serves as a reservoir to hold the gas; (b) the extent 
to which the strata above or below the gas-sand are cracked; (c) the 
dip of the gas-sand and the position of the anticlines and synclines; (d) 
the relative proportion of water, oil, and gas contained in the gas-sand; 
and (e) the pressure under which the gas exists before being tapped by 
wells. 1° 

The manner in which these oil sands were deposited is one of these 
measurably uncertain problems. . . ..They have been described, and by 
reputable geologists too, on the one hand, as fractured anticlinal arches, 
on the other, as synclinal troughs traversed by fissures and crevices con- 
taining salt-water, oil, and gas.14 

Where the strata of the cap are broken or disturbed, the oil escapes 
upward and may finally be dissipated.!? 


7 Hunt, T. Sterry, Montreal Gazette, March 1, 1861 (résumé of Board of 
Arts second free lecture, delivered February 26, 1861). 

8 Andrews, E. B., “On the Geological Relations of Rock Oil,” Am. Jour. 
Sci., Ser. 2, Vol. 32, pp. 87-88, 1861. 

9 Lesley, J. P., “On the Mode of Existence of the Petroleum in the Eastern 
Coal Field of Kentucky,” Am. Philos. Soc. Proc., Vol. 10, p. 57, map, 1865. 
(page 57). 

10 Ashburner, C. A., “The Geology of Natural Gas,” Am. Inst. Min. Eng. 
Trans., Vol. 14, p. 430, map, 1886. 

11 Crew, Benjamin J., “A Practical Treatise on Petroleum,” p. 41, 1887. 

12 Hubbard, L. L., “On the Origin of Salt, Gypsum, and Petroleum,” intro- 
duction [to A. C. Lane’s “ The Geology of Lower Michigan with Reference 
to Deep Borings ”], Michigan Geol. Survey Rept., Vol. 5, Pt. IL. p. xxiii, 1893. 


DISCUSSION. 2a 


By adding to the porosity of the rocks, the faulting has probably also 
increased the capacity of some of the oil reservoirs.2% 

. the oil coming to the surface either through the joints and bed- 
ding or cleavage planes of the slate and graywacke, or through surficial 
deposits which probably overlie such rocks.1# 

. It is evident that the points of accumulation of oil will be deter- 
mined chiefly by the presence of cavities, large or small, offering a place 
for it to gather. .. . in this region many of the “oil sands” so called, 
are not true sands, but zones of fractured shale or flint offering inter- 
spaces in which the oil can gather.?® 

Class III. Along sealed faults. 

Class VI. In joint cracks.2¢ 

Faults, fissures and crevices are stated to have considerable effects 
upon the underground storage of petroleum by affording channels which 
allow the oil to escape upwards, downwards, or laterally, and to have 
disappeared from the rock in which it was stored.17 

The practical independence of the Baku wells, and the enormous yield 
of many of them, have led to a widely-spread opinion that this oil-field 
is divided into a number of oil-containing cavities. . . . They may, how- 
ever, be attributed with greater reason to original irregularities of depo- 
sition. . . . The hypothesis that cavities exist is quite gratuitous, as the 
natural porosity of the strata is sufficient, as already noted, to account 
for a far greater yield than is practically obtained. The existence of 
fissures or cavities in such matter and under strong compression is in- 
conceivable.18 

The rocks in this region have been disturbed by slight folding and it 
is likely that fractures and crevices permit migrations of the oil.?® 

Faulting forms good reservoirs: (a) By causing crushed zones that 
are porous and thus afford good storage for oil. This condition is true 

13 Ries, Heinrich, “Economic Geology of the United States,” pp. 52-53, 1907. 

14 Martin, G. C., “ Petroleum at Controller Bay [Alaska],” U. S. Geol. 
Survey Bull. 314, p. 92, 1 fig., 1907. 

15 Arnold, Ralph, and Anderson, Robert, “Geology and Oil Resources of 
the Santa Maria Oil District, Santa Barbara Co., California,’ U. S. Geol. 
Survey Bull. 322, p. 73, 1907. 

16 Clapp, F. G., “ A Proposed Classification of Petroleum and Natural Gas 
Fields Based on Structure,” Econ. Grot., Vol. 5, No. 6, pp. 517, 518, 1910. 

17 Cunningham-Craig, E. H., “ Oil-finding; the Filtration of Petroleum,” p. 
45, London, 1912. 

18 Redwood, Boverton, “Petroleum: Oil and Gas Reservoir-Rocks,” 3d 
ed., Vol. 1, p. 114, I913. 

19 Blatchley, R. S., “Oil and Gas in Bond, Macoupin and Montgomery 
Counties, Illinois,” Illinois St. Geol. Survey Bull. No. 28, p. 12, 1914. 
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at Santa Maria, California, and also in the Puente Hills. (b) By caus- 
ing open fractures that hold petroleum, as occurs at Florence, Colorado.?° 

In a lesser degree joint cracks and fractures afford avenues for the 
movement of the oil, but such fractures are not formed until the rocks 
have received a certain degree of induration which in all probability 
follows rather than precedes the main migration... . 

In some fields the oil finds a reservoir in cleavage joints and fissures in 
the rock. It matters not whether these occur in pervious or impervious 
rocks, they serve equally well in storing the oil. The most striking case 
of this kind with which the writer is familiar is the Florence field of 
Colorado.*+ 

. it is very probable that the oil of this field originated in the 
Tamasopo and was forced upward by hydraulic and gas pressures, along 
a channel formed by the broken and metamorphosed zone of contact of 
igneous and sedimentary rocks or through faults and fissures, to the 
reservoir from which it is now obtained.?* 

Oil has been found .. . along sealed faults; ... in joint cracks of 
sedimentary rocks. . . . Through this fissuring of the strata the pent-up 
solfataric hydrocarbon emanations came up from the interior... . The 
distribution of the Mexican and of the Texas and Louisiana oil fields 
along lines of fault has already been referred to.** 

The reservoirs yielding oil and gas may exist in strata of various sorts, 
of which the following are the principal types: (1) Sandstone (some- 
times unconsolidated sands). (2) Dolomitic and jointed limestone. (3) 
Water-channeled limestones. (4) Fissured rock. (5) Other porous 
rocks.*4 

. in some cases increased saturation has resulted from a combina- 
tion of doming and fissuring.®® 

20 Hager, Dorsey, “ Effects of Faulting in Oil Fields,” Western Eng., Vol. 
4, No. 6, p. 444, June, 1914. 

21 Campbell, M. R., “ Petroleum and Natural Gas Resources of Canada.” 
In Clapp, F. G., and others, Canada Dept. Mines, Mines Branch, 2 vols., Vol 
I, pp. 80, 86, 1914. 

22 DeGolyer, E., “ The Furbero Oil Field, Mexico,” 4m. Inst. Min. Eng. 
Bull., No. 105, p. 1905, 1915. 

23 Coste, Eugene, “ Rock Disturbances Theory of Petroleum Emanations 
vs. the Anticlinal or Structural Theory of Petroleum Accumulations,” Aim. 
Inst. Min. Eng. Trans., Vol. 48, pp. 508, 514, 515, 1915. 

24 Johnson, R. H., and Huntley, L. G., “ Principles of Oil and Gas Produc- 
tion,” Ist ed., p. 30, 1916. 

25 Thompson, A. Beeby, “ Oil-field Development and Petroleum Mining,” 
p. 211, 1916. 


cr 


no fF ne 


> A 


a8 a — lo a 


its oi 


DISCUSSION. 213 


Petroleum occurs in rock cavities of many kinds, but probably more 
than 99 per cent. occupies the pores of sand or sandstones.”6 

. .. the porosity may vary greatly, either because of variation from 
place to place in the grain of the rock or because of the local introduc- 
tion of a secondary cement that occupies a considerable part of the 
original void space of the rock ... rough as it is, this method [the 
saturation method] has a distinct value. . . . This method is not, how- 


ever, applicable to areas where oil is held in solution cavities or in frac- 
ture zones.?? 


(c) The aggregate amount of supercapillary space in oil- 
bearing and adjacent rocks is relatively low. From my own ex- 
perience I should guess that in the average pool or reservoir of 
oil or gas 75 to 80 per cent. of the total volume is rock, 20 to 24++ 
per cent. capillary pore space and less than I per cent. supercapil- 
lary space. Some of the evidence is as follows: With the excep- 
tion of southern Appalachian and Mexican “sands” I have seen 
only a few specimens that show supercapillary openings and the 
capillary pore space of even these exceptional sands is high. The 
features of rock faces in mines and quarries indicate that cracks 
and cavities are as a rule small, and their cubic extent much less 
than 1 per cent. of the total volume of rock. Veins, particularly 
the ore deposits of northwestern Illinois referred to by Lauer, are 
to a large extent results of replacement, no open fissures of the 
width of the veins ever having existed. There is good evidence 
that even the clay veins of coal, such as those that characterize 
the Springfield coal of Illinois, fill fissures that have never stood 
open, but have been kept completely filled as the walls separated. 

In any case veins are relatively rare in oil regions, and open 
fissures are more characteristic of regions of hard brittle rock. 
It may be inferred that because of this fact oil and gas pools are 
rare in regions of hard fissured rock, the development of such 
channels leading to the escape of any fluid hydrocarbons that may 
have been formed. 

(d) Estimates of future production based on pore space, al- 


26 Shaw, E. W., “ Petroleum and Asphalt in the United States,” Pan-Am. 
Sci. Cong., Second, Proc., Sect. III., Vol. 3, p. 190, 1017. 

27 Pack, R. W., “ The Estimation of Petroleum Reserves,” Am. Inst. Min. 
Eng. Bull., No. 128, pp. 1123-1124, August, 1917. 
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though likely to be 50 per cent. or more in error, are not unde- 
pendable, and the main source of error is in percentage of recovery 
about which we thus far know little. Ashburner?* estimated 
that about 90 per cent. of the oil in Pennsylvania pools is unre- 
covered and White?® estimated that in the similar sands of the 
adjoining State of West Virginia only 25 per cent. is left in the 
earth. Estimates by others are as widely at vairance. On the 
other hand estimates of the quantity of oil in a pool, which is 
more to the point in the present connection, based on adequate 
determinations of pore space, thickness and extent of pay and 
consideration of any other essential factor such as presence of 
water in the ‘ 
likely to be far in error. My estimates of the quantity of oil in 
the Carlyle, Illinois, field*° made five months after the field was 
discovered, are proving to be better than could have been made 
by any other known method. The same method, with some mod- 
ification, was used successfully in estimtaing the quantity of gas 
in certain Texas fields*! and indeed this method has been fre- 
quently used with success in estimating underground resources 
of not only oil and gas** but also water.** 


‘pay,’ are far from valueless, and indeed are not 


28 Ashburner, C. A., “Petroleum and Natural Gas in New York,” Am. 
Inst. Min. Eng. Trans., Vol. 16, p. 915, 1887-1888. 

29 White, I. C., “ Petroleum and Natural Gas,” West Virginia Geol. Sur- 
vey, Vol. 1, p. 46, 1904. 

30 Shaw, E. W., “ The Carlyle Oil Field and Surrounding Territory,” Illi- 
nois State Geol. Survey, extract from Bull. 20, pp. 7-37, 1912. 

31 Shaw, E. W., and Matson, G. C., “ Natural Gas Resources of Parts of 
North Texas,” U. S. Geol. Survey Bull. 629, 1916. 

32 Chance, H. M., “The Natural Gas Supply,” Jron Age, Vol. 37, No. 12, 
p. 31, March 25, 1886; “The Anticlinal Theory of Natural Gas,” Am. Inst. 
Min. Eng. Trans., Vol. 15, p. 12, 1887. 

Lesley, J. P., “Some General Considerations of the Pressure, Quantity, 
Composition, and Full Value of Rock Gas .. .,” Pennsylvania Geol. Survey 
Ann. Rept., 1885, pp. 657-680, 1886. 

Hager, Dorsey, “ Natural Gas—its Occurrence and Properties,” Eng. and 
Min. Jour., Vol. 100, No. 24, pp. 959-961, December 11, 1915. 

Hammen, W. H., and Olyphant, H. E., stated by David White to have used 
a similar method, “ Natural Gas Resources of Parts of North Texas,” intro- 
duction, U. S. Geol. Survey Bull. 629, p. 12, 1916. 

33 Clark, W. O., “ Ground-water Resources of the Niles Cone and Adjacent 
Areas, California,” U. S. Geol. Survey, Water-Supply Paper 345, pp. 127- 
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The U. S. Geological Survey seems to have no record of the 
estimate ascribed to “the Geological Survey” on p. 449, and it 
is reasonably certain that it has made no estimate based on pore 
space and extent of “pay,” that was 400 per cent. in error be- 
cause of lack of consideration of supercapillary or induced space. 
With the exception of a few regions where the oil is so ob- 
viously in cavities and fissures that a geologist would not at- 
tempt a pore space estimate, I believe that commonly estimates 
of unrecovered oil need not be 50 or even 25 per cent. in error 
for this cause. The fact that such estimates have been found 
generally useful, though subject to more or less revision and re- 
inforcement by (1) yield curves, (2) recognition of amount of 
open fissures and cavity space and other pertinent factors, shows 
that supercapillary space has not been greatly underestimated. 
The old notion that the absence of oil and gas from certain 
regions is largely due to unusual fracturing and faulting is still 
to be disproven. 

(e) Accurate estimates of pore space can not be made with a 
microscope and this point deserves emphasis. I have slides and 
hand specimens of Connoquensessing sandstone for example that 
appear to be dense and yet have a pore space of over 20 per cent. 
Better estimates can be made by tests of absorption, such as have 
been made and used by Merrill,** Buckley,** Bain** and others. 
Buckley** concludes that the ratio of absorption should be mul- 
tiplied by 2%4 to get the pore space, thus computing the per- 
centage by volume from the percentage by weight. He recog- 
168, 1915; “Ground Water for Irrigation in the Morgan Hill Area, Cal.,” 
U. S. Geol. Survey, Water-Supply Paper 400, pp. 61-105, 1917. 

King, F. H., “Principles and Conditions of the Movements of Ground 
Water,” U. S. Geol. Survey Nineteenth Ann. Rept., Pt. IT., p. 70, 1899. 


Fuller, M. L., “ Underground-water Papers,” U. S. Geol. Survey, Water- 
Supply Paper 160, 1906. 

34 Merrill, G. P., “ Stones for Building and Decoration,” pp. 374-304, 1801. 

35 Buckley, E. R., “ Building and Ornamental Stones of Wisconsin,” Wis- 
consin Geol. and Nat. Hist. Survey Bull. 4 (Econ. Ser. No. 2), p. 414, 1808. 

36 Bain, H. F., “ Properties and Tests of Iowa Building Stones,” Iowa Geol. 
Survey, Ann. Rept., 1807, Vol. 8, p. 410, 1808. 

37 Buckley, E. R., “ The Quarrying Industry of Missouri,” Missouri Bur. 
Geol. and Mines, Vol. 2, 2d ser., pp. 45-46, 1904. 
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nizes important sources of error in this method, particularly that 
arising out of failure of the sand pores to become filled. The 
phenomenon of dry sands resisting water has been discussed by 
Wessely,** Shaler,*® and Free,*® and has been recently empha- 
sized by Reeves.*! I believe that the best method of determining 
pore space thus far devised is the pycnometer method, involving 
a crushing of the specimen. 

(f) Reservoir rocks are as a rule friable and have low crush- 
ing strength and fissures and cavities readily become closed. The 
grains of most oil sands, even including such sands as the Mc- 
Closkey lime carbonate and the Irvine magnesian sands, fall 
apart with such surprising ease that one is led to wonder if the 
oil does not either dissolve cement or prevent cementation. The 
latter would seem more probable though as noted by several 
writers hydrocarbons seem to have a corroding effect on silica 
and silicates. Cunningham-Craig says: 

There is some evidence suggesting that an oil may, under certain con- 
ditions, prepare its own reservoir by the removal in solution of cement- 
ing material in a rock. This probably applies only in the case of cal- 
careous cement, and may take place only within the zone of weathering, 


but as that zone may extend downwards for some hundreds of feet, the 
results might be important.‘ 


Hayes** makes a similar inference concerning the action of 
organic matter at the surface, but others have thought that such 
results as he observed might be due to alkalies yielded by de- 
composing feldspars. Mayberry infers from the composition of 
petroleum ash that a perceptible amount of dolomite may be 
taken in solution. In any case the fact remains that many if 


38 Wessely, Joseph, “ Der europaischen Flugsand,” pp. 60, 62, Wien, 1873. 

39 Shaler, N. S., “ Phenomena of Beach and Dune Sands,” Geol. Soc. Am. 
Bull., Vol. 5, pp. 207-212, 1894. 

40 Free, E. E., “The Movement of Soil Material by the Wind,” pp. 58-60, 
70-71, 73-75, 1911. 

41 Reeves, Frank, “The Absence of Water in Certain Sandstones of the 
Appalachian Oil Fields,” Econ. Grox., Vol. 12, pp. 354-378, June, 1917. 

42 Cunningham-Craig, E. H., “ Oil-finding,” p. 54, London, 1912. 

43 Hayes, C. Willard, “Solution of Silica under Atmospheric Conditions,” 
Geol. Soc. Am. Bull., Vol. VIIL., pp. 213-220, 1897; “Solution Sinks in a 
Quartzite Formation” (abstract), Science, New Ser., Vol. XI., p. 228, 1900. 





DISCUSSION. 217 


not most specimens of oil sands can be rubbed to pieces in the 
fingers and it seems very doubtful if a fissure or cavity in such 
rock would stand open under the constant tidal and barometric 
kneading of the earth’s crust. 

Darwin* takes a concrete example of barometric conditions 
and says: 

We thus see that the ground is 9 cm. higher under the barometric de- 
pression than under the elevation (p. 110). 

Milne,**® discussing the subject, says that “slow pulsatory 
movements of the earth’s surface must be taking place,” and on 
the basis of Darwin’s work states that the rise and fall of the 
Atlantic coast, due to tides, may be as much as five inches. Dar- 
win’s statement is that with certain assumed values “the ampli- 
tude of vertical displacement is 11.37 cm.” (p. 117). Milne 
says that according to Darwin a barometric rise of one inch over 
Australia might be sufficient to depress the continent two or 
three inches and that the daily tides may cause the land to rise 
and fall as much as five inches. 

Most fissures at a depth of a thousand feet or more, particu- 
larly in sedimentary rocks, are narrow, hence the friction of 
movement of fluids along them is great and that the part they 
may play in migration is limited. On the one hand by following 
the most open parts of fissures an underground fluid usually 
moves more rapidly than through pores and since it is fluid and 
the time almost unlimited, static friction is not likely to prevent 
movement. On the other hand, the rocks of oil fields are rela- 
tively yielding and commonly little deformed, so that fissures 
are relatively scarce and become filled comparatively easily. 
Most fissures are not much wider than pores and as pointed out 
by Munn,** Daly,** myself,*S and others, static friction must be 

44 Darwin, G. H., “On Variations in the Vertical Due to Elasticity of the 
Earth’s Surface,” Brit. Assoc. Adv. Sci. Rept., 52d meeting, 1882, p. 110, 1883. 

45 Milne, John, “ Earth Pulsations,” Nature, Vol. 28, p. 367, August 16, 1883. 

46 Munn, M. J., “The Anticlinal and Hydraulic Theories of Oil and Gas 
Accumulation,” Econ. Gror., Vol. 4, pp. 509-539, 1909. 

47 Daly, Marcel R., “ The Diastrophic Theory,” Trans. Am. Inst. Min. Eng., 
Bull. No. 115, pp. 1137-1157, 7 figs., July, 1916. 

48 Shaw, E. W., “The R6le and Fate of Connate Waters in Oil and Gas 
Sands” (discussion), Am. Inst. Min. Eng. Trans., Vol. 51, pp. 597-607, 1916. 
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considered. Daly*® says that to move a droplet of oil the force 
must overcome ‘the resistance due to static friction, viscosity, 
and surface tension.” Some investigators, particularly those 
of experience in foreign fields sometimes speak of oil and gas 
sands as in general so incoherent that only the exceptional sand 
is sufficiently indurated to be shot successfully. Many oil sands 
could not support an open fissure or cavity if one were formed; 
the sand grains would fall in or plastic material from adjoin- 
ing layers would flow in or become washed in. It is well to 
bear in mind also that since land areas are subject to continual 
reduction by erosion, the superincumbent load and pressure on 
oil sands was once greater, I believe on the average two or three 
times as great, as at present. 

The main value of shooting seems to be regarded by Lauer (p. 
446) as consisting in connecting the well with open fissures and 
cavities. 

By “ shooting ” trunk channels are induced which radiate from the well 


bore in all directions, connect with other channels and thus divert a large 
flow to the well. 


If so, should not the wells of a pool fall naturally into two 
classes: (1) a small number that chance to encounter trunk chan- 
nels and hence need no shooting; and (2) a large number that 
need shooting to connect them with the underground streams? 
It seems to me that the data indicate rather that in the majority 
of pools at least oil is found in each well in porous, non-cavernous 
and unfractured rock, and that shooting simply reduces the fric- 
tion of flow by enlarging the cross sectfon of the stream of oil 
entering the well from the pores of the rock. The shooting 
greatly enlarges the bottom of the well by breaking the sand to 
fragments ranging from sand grains to chunks several inches in 
diameter, most of these fragments being bailed out in the suc- 
ceeding days of cleaning and by making open fissures of greater 
or less extent, depending largely on the nature of the sand and 
the size of the charge, that extend out into the sand in all direc- 
tions. These fissures need not connect with any trunk channels 


49 Daly, Marcel R., idem, p. 1139. 
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or natural fissures to greatly enlarge the yield of the well for they 
greatly multiply the number of pores from which the oil may 
issue into the open cavity at the bottom of the well. 

II. The anticlinal theory needs no defense. 

(a) Exceptions to the anticlinal theory have at times been 
taken ever since the somewhat numerous dates of its formula- 
tion.°° Ashburner®! contended that “ Professor White’s theory 
that all great gas wells are found on the anticlinal axes can not 
be accepted . . .” for “large gas wells have been drilled in or 
near the center of synclines,’’ and Lesley®? remarks: 


Quite recently the location of the anticlinal lines in the Pittsburgh 
region has become a sort of popular mania produced by a theory. ... 
If the application of this theory was confined to bottles no one would 
dispute it... . It therefore seems to me irrational to assign any im- 
portance whatever to the extremely gentle anticlinals of the gas-oil 
region. 


But now it can be said that the principle is in daily general use 
all over the world. Petroleum geologists without exception, in- 
cluding the advocates of the various other theories discussed, 
and most oil companies make structure the principal consideration 
in the search for new pools where there are no surface indica- 
tions. The other theories and hypotheses have more or less value 
in adding detail and modifying considerations to the anticlinal 
theory and in helping us understand other factors in oil and gas 
accumulation—they have both abstract and practical value, but 
they do not even threaten to displace the well-founded and thor- 
oughly tested conclusion that oil and gas are more likely to be 

50Tt is often stated that the theory was first enunciated by Hunt in 1859. 
This date should apparently be 1861. _F.H. Taylor [“The Anticlinal Theory,” 
Oil and Gas Jour., Vol. 10, No. 2, p. 2, August 17, 1911] contends that it was 
outlined by Gen. A. J. Warner of Marietta in 1860 and Fritz Noetling [“ The 
Occurrence of Petroleum in Burma and its Technical Exploitation,” India 
Geol. Survey, Mem., Vol. 27, Pt. 2, p. 86, 1897] says that “the late Dr. Old- 
ham, when visiting Yenangyoung in 1855, had already noticed that the oil 
fields were situated on the crest of an anticlinal flexure.” 

51 Ashburner, C. A., “The Geology of Natural Gas,” Science, New Ser., 
Vol. 6, p. 43, July 17, 1885. 

52 Lesley, J. P., “ The Geology of the Pittsburgh Coal-region,” Am. Inst. 
Min. Eng. Trans., Vol. 14, pp. 654, 655, 1886. 
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found on upwarps than in any other structural position. With 
the possible exception of surface and water-well seepages and 
accumulations of petroleum residues, no other criterion is of 
nearly such value in oil and gas finding. 

(b) The five so-called theories discussed by Lauer and in addi- 
tion the diastrophic theory®* are not mutually antagonistic, but 
the notions involved in each have value. Each may need addi- 
tion or modification. For example, I doubt the existence of dry 
shale or sandstone far below the surface in humid regions and 
hence it seems to me that there are greater possibilities in select- 
ive solution and transfer as an agent in modifying the quality of 
oil than in filtration through dry clay or shale. Lauer says (p. 
441): 


The hydraulic and capillary theories indicate that an over-emphasis 
has been placed on rock pores. 


It seems to me rather that Munn and Washburne have only 
pointed out additional operating agencies. Both men, it is safe 
to say, use the anticlinal theory as perhaps the most important 
consideration in the search for new pools in regions where the 
rocks are of such a nature as to be probably oil bearing at one 
point or another. ‘ 

I should then like to take the position of second affirmative 
and argue after this fashion: 

I. Cracks and cavities play an important part in oil and gas 
migration. 

(a) An analysis of the kinds of interstices found in the rocks 
of oil regions such as Lauer has made, is a valuable contribution. 
Such analyses are sometimes smiled upon as being good mental 
gymnastics for a student but as including entries that are of little 
or no practical value and some that are obviously of slight theo- 
retical significance. However, it sometimes happens that the 
discarded stone becomes the head of the corner, and this is suf- 
ficient in itself to warrant a listing of all conceivable varieties. 

Again, although different investigators may place different 


53 Daly, Marcel R., “ The Diastrophic Theory,” Bull. Am. Inst. Min. Eng., 
pp. 1137-1158, July, 1916. 
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values on the various items and some of us may feel inclined to 
add, subtract or rearrange, the tables of openings in the various 
sedimentary rocks are, it seems to me, excellent and, with cor- 
rections made since the number containing Lauer’s article was 
distributed, in need of little modification. Perhaps for com- 
pleteness one should add cavities made by chemical reactions such 
as the weathering of feldspars and the etching produced by the 
liberated alkalies. In any case the tables as they stand are 
valuable for consideration and reference and in discussions of oil 
and gas occurrence and migration one can not afford to ignore 
them. 

(b) Some oil sands have more interstitial space than is evi- 
dent from the hand specimen. Cavernous and fissured sands 
break naturally along the fissures and cavities and the fragments 
thus represent the denser parts. Although this fact may not 
have general application because most sands are of fairly even 
texture and have few cracks, it is in some places of importance. 

(c) Joints and fissures do afford easy routes of migration. 
With certain exception they constitute channels along which any 
underground fluid will move more readily than through the pores. 
Indeed when one considers the obvious ease of movement along 
cracks and the general development of joints, it is surprising 
that oil and gas pools are as closely confined as they are. We 
commonly ascribe the phenomenon to plastic and non-porous cap 
rock but no sedimentary rock is free from pores or absolutely 
impervious and pools are commonly situated well below the top 
of the sand. 

The ease of migration of oil along joints is well illustrated by 
an occurrence leading to the discovery of the Sandoval oil pcol, 
Illinois. In 1907 oil appeared in a coal mine seven miles distant 
from the main pool, the coal being about 600 feet below the 
surface. The oil came, for the most part, along a fissure from a 
nearby oil-bearing sandstone and it was possible to collect some 
barrels of it in the mine. 

(d) The data from a single well do not show whether or not 
one stratum of sand is connected by channel, fissure, or porous 
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material, with another a few feet above or below. Not even 
a cross-section based on any reliable records furnishes the de- 
sired information, for the sands have lateral extent in two 
directions and if the area were only 50 miles across it would 
require negative data from thousands and perhaps millions of 
wells to reduce the chances of the strata being somewhere con- 
nected to one in two. Hence, since in the great sedimentary 
basins, sands and other strata and also joints and fractures are 
of irregular development, there are many good opportunities 
for oil and gas to migrate across strata through routes of large 
pores or through fissures. Although the fact that pools are numer- 
ous, distinct and well shut in, shows that fissures and other 
connections between and across sands are not numerous, it is still 
possible that much oil has migrated along the occasional fissures 
until it could proceed no further and possible that a channel out- 
side a pool may affect the form and location of the pool. 

In conclusion: The features of the paper that are most val- 
uable to me are not the main contentions, but the analysis and 
discussion. It seems to me that detailed description and clas- 
sification of oil sands are greatly needed, that Lauer is mistaken 
in placing such a low value on determination of pore space from 
fragments, and that further observations on average size of 
grain, range in size of grain, mode of cementation, shapes of in- 
terstices, mineralogical constitution, and in fact all petrographic 


characters of producing sands are worth recording. 
EvuGcENE WESLEY SHAW. 


REPLACEMENT IN THE BENDIGO QUARTZ VEINS. 


Sir:—The interesting paper by Stillwell in the Journal of 
Economic Geology, page 100 of this volume, would account for 
the occurrence of the famous Bendigo saddle reefs by the process 
of replacement. As these deposits have previously been con- 
sidered a direct filling of cavities produced by the folding of the 
sedimentary rocks, the evidence of replacement which he presents 
is a direct contribution to our understanding of these orebodies. 
His illustrations and descriptions of the disposition of the slate 
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fragments in quartz, in hand specimens, and thin sections, demon- 
strate clearly that the process of replacement has operated in the 
formation of the quartz reefs. 

His work, however, does not demonstrate that all of the quartz 
has been formed in this manner and his description of the occurr- 
ence of ankerite encrusted around the walls (page 102) suggests 
that some cavity filling by direct deposition has resulted. The 
white quartz described by Rickard’ also suggests that not all of 
the quartz is filled by dark inclusions, the remnants of replace- 
ment of slate. Stillwell regards the solutions which deposited 
the quartz as “ forcibly intrusive” in the same manner as “ igneous 
dikes’ (page 103) so that the location of the quartz is dependent 
upon the ability of the solutions to force their way into “fissur- 
ing” rather than to fill previously formed saddle openings. 

If the ore deposits are to be accounted for by forcible intrusion 
with replacement, would they not be expected to occur in almost 
any part of the folded rocks wherever the solutions might be 
forced and not so generally confined to the crests of folds? The 
occurrence of quartz in the crests of folds so monotonously re- 
peated throughout the district, laterally and in depth, strongly 
suggests that these localities have controlled the location of de- 
posits. Such crests are where cavities, either actual or potential, 
are formed and would afford place for deposition from solutions 
to take place. 

If the deposits be of replacement origin, would not the sheared 
limbs of the folds be replaced as well as the crests? It is not im- 
possible that the saddles may represent a combination of both 
cavity filling and replacement such as takes place in most veins, 
the cavities being filled and the walls of the cavities replaced; 
the replacement being shown by the evidence produced by Mr. 
Stillwell and the cavity filling by the structural locations and crus- 
tification. 

ALAN M. Bateman. 
1 Rickard, T. A., T. 4. I. M. E., Vol. 20, p. 463. 1891. 
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THE HALOGEN SALTS OF SILVER AT WONDER, 
NEVADA. 


Sir:—In your October-November issue, Mr. J. A. Burgess 
assigns the origin of the haloid salts of silver at Wonder, 
Nevada, to the downward percolation of surface waters charged 
with “haloid alkaline salts.” From the data presented it would 
seem to me that this theory of their origin leaves much to be 
desired. 

The points I have in mind are: Why should the natural order 
of the precipitation of the halogen silver salts be inverted? How 
did such an unusual concentration of bromine and iodine in pro- 
portion to the chlorine come about? Why should the solutions 
from which the silver was precipitated be assumed to be alkaline 
when the literature on the secondary enrichment of ore deposits 
emphasizes the acidic character of mine waters, especially those 
in the weathering sections of the veins? 

These, it appears to me, are the vital points of the question, 
and any hypothesis which harmonizes them may be helpful to 
the elucidaticn of the origin of ore deposits. 

I would suggest that, inasmuch as the oxidation of ore 
deposits is generally recognized as being productive of sulphates 
and sulphuric acid, or both, the silver now in the halogen salts in 
the vein in question be assumed to have migrated in the form 
of sulphate. This assumption is strengthened by the fact that 
jarosite is a constituent of the oxidation products in the weath- 
ered portion of the vein. Should this downward percolating 
silver-sulphate solution meet exudations of iodine, bromine, and 
chlorine gases, or their soluble salts, halogen salts of silver would 
be precipitated in the zonal order described by Mr. Burgess for 
the deposit at Wonder. ‘That is, the iodides in the lower part of 
the deposit and the bromides and chlorides in the upper part. 

The salts of sea-water, according to Clarke,’ carries 55.292 

1 Clarke, F. W., “ Data of Geochemistry,” Bull. 616, U. S. G. S., p. 123, 1916. 
A mean of 77 analyses of ocean-water from many localities, collected by the 


Challenger Expedition. W. Dittman, Challenger Report. Salinity, 3.301 to 
3.737 per cent. 
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per cent. of chlorine, and 0.188 per cent. of bromine. The per- 
centage of iodine in sea-water is very minute. Thorpe? quotes 
an estimate for the Atlantic at one part in two hundred and 
eighty million. 

Mr. Burgess says:* “The silver haloids formed at Wonder 
are embolite, iodobromite, and iodyrite, which are respectively 
the bromo-chloride, iodo-bromo-chloride, and iodide of silver. 
No cerargyrite was found.” ‘Thus it is seen that bromine is in 
amount equal to the chlorine, and iodine is in big percentage. 

When the proportions of these three elements in sea-water is 
considered, it is difficult to conceive of such a concentration of 
iodine and bromine in proportion to the chlorine as that found 
at Wonder, Nevada, except as in emanations from the interior 
of the earth. 


Jacos W. Younc. 


THE OCCURRENCE OF THE HALOGEN SALTS OF 
SILVER. 


Sir:—Upon reading the extremely interesting paper by Mr. J. A. 
Burgess on the “ Halogen Salts of Silver at Wonder, Nevada,’? 
it has occurred to me that it is a pity that wide scattering of pub- 
lications in different languages has often made necessary the re- 
discovery of scientific facts. The paper mentioned as well as 
the previous communication by Mr. Burgess on the similar sub- 
ject at Tonopah? refer to the vertical distribution of the chloride, 
chloro-bromide and iodide of silver at the two mines in Nevada, 
which formed the subject of these papers. In taking up the in- 
augural dissertation of Fr. A. Moesta,? I find that fifty years ago 
he established a similar relationship in the Chafiarcillo Mines in 

2 Thorpe, Sir Edward, “ Dictionary of Applied Chemistry,” Vol. 3, p. 142, 
1916. 

8 Burgess, J. A., “ The Halogen Salts of Silver at Wonder, Nevada,” Econ. 
Grot., Vol. XII., No. 7, p. 590, Oct—Nov., 1917. 

1 Econ. Geor., Vol. 12, pp. 589-503, 1917. 

2 Burgess, J. A., “Halogen Salts of Silver at Tonopah,” Econ. Gerot., Vol. 
6, pp. 13-21, IQII. 

3 Moesta, Fr. A., “ Ueber das Vorkommen der Chlor-Brom-, und Jodver- 
bindungen des Silbers in der Natur,” Marburg, 1870, pp. 47. 
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Chile. The succession of the haloids is there as follows: Pure 
silver chloride occurs to a depth of 20 meters, below this is 
found a deep zone of chloro-bromide of silver with some iodide; 
still deeper near the primary ore silver iodide occurs alone at a 
depth of from 70 to 100 meters. An interesting fact is that 
Moesta also notes a strong odor in the rich workings containing 
these minerals. He attributed it to chlorine but as Mr. Burgess 
suggests it is probably rather due to bromine. 

This publication by Moesta seems also to have escaped the 
attention of Professor W. H. Emmons, who in his Bulletin on 
the Enrichment of Ore Deposits has otherwise so carefully 


searched the literature. 
WALDEMAR LINDGREN. 
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Report of the Royal Ontario Nickel Commission. xlviii-++ 584 pp. Ap- 
pendix, 219 pp. Numerous illustrations, diagrams and maps. Toronto, 
1917. 

This report is the result of an investigation of most of the important 
nickel deposits of the world, of mining and metallurgical methods, of the 
properties and uses of nickel and nickel alloys, and of systems of tax- 
ation, undertaken with the view of determining the future prospects of 
the nickel industry in Ontario, and the feasibility of refining nickel in 
the province. Practically every phase of the nickel industry is consid- 
ered in the report. In addition to a reéxamination of the Sudbury dis- 
trict, the nickel deposits of New Caledonia and Norway and the nickel- 
iferous iron deposits of Cuba were personally visited by members of the 
commission, as were the principal smelters and refineries. The war was 
largely responsible for the determination of the Provincial government 
to bring about, if possible, the refining of nickel in Ontario, a desire that 
had long been felt both as a matter of sentiment and for economic rea- 
sons, but now of prime importance from a military point of view because 
of the necessity of controlling the output of the world’s greatest nickel 
deposits. It is of interest in this connection to recall that the first large 
use of nickel in steel making was in the production of armor plate about 
1890. 

The report opens with a summary of the conclusions reached by the 
commission, and is followed by fourteen chapters dealing successively 
with the discovery and agitation for the home refining of nickel, the 
operating nickel companies, a sketch of the nickel deposits of the world 
with special reference to those of the Sudbury district, the properties 
and uses of nickel and its alloys, smelting and refining processes, the 
recovery of metals of the platinum group and of sulphur, statistics and 
the problems of taxation. 

After the geological description of the Sudbury deposits there is a 
brief summary of the mining methods, costs and other engineering de- 
tails furnished by T. F. Sutherland, Chief Inspector of Mines for On- 
tario. The interesting nickeliferous pyrrhotite deposit of the Alexo 
mine is next described and then nickel deposits of other countries in the 
order of their importance are taken up, beginning with those of New 
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Caledonia. This district was visited by W. G. Miller who gives interest- 
ing historical details and a general description of the country, chemical 
character of the ore, and mining and metallurgical details. It is a pity 
that a little more was not said concerning the geology and origin of the 
ore deposits, a topic that Miller has recently discussed elsewhere. The 
nickel industry in Norway is next mentioned, and reference is made to 
an interesting and little-known deposit of nickeliferous iron ore in the 
island of Seboekoe, Borneo. The nickel-bearing iron ores of Cuba were 
visited and described and the chapter concludes with references to the 
known but mostly unimportant nickel deposits in widely separated parts 
of the world. 

From the point of view of economic geology, Chapter IV., “ Nickel 
Deposits of the World,” is of special interest and is the subject of this 
review; it was prepared under the joint authorship of W. G. Miller 
and C. W. Knight and, reprinted as a separate volume, it takes a high 
place among the noteworthy monographs on the Sudbury region that 
have preceded it. By far the greater part of the chapter is devoted to a 
description of the Sudbury deposits by C. W. Knight, but it also contains 
references to practically all the known nickel deposits of the world, a 
feature that emphasizes both the economic importance and the significant 
geological features of the Sudbury district. 

Although descriptions and speculations regarding the origin of the 
great Sudbury nickel deposits are numerous in geological literature, 
among which the writings of Coleman and Barlow take first place, the 
present report contains much original matter, both in the descriptions 
of the deposits and in the consideration:of their origin. Knight’s con- 
clusions, based on original field work, lead him to disagree with the 
opinions of Coleman and others that the sulphide deposits are magmatic 
segregations from a norite magma, and to present new evidence in favor 
of the hydrothermal origin of the ores. 

Before taking up the detailed description of the individual ore bodies, 
a summary is given of the geology of the Sudbury area. Perhaps the 
most important feature brought out is that certain of the granites at or 
near the lower contact of the norite, or “ nickel eruptive,” and considered 
by earlier writers as older than the norite, are in all probability younger, 
a relation which has an important bearing on the origin of the ores. 
Following the general description of the form and occurrence of the ore 
bodies and the origin of the “Sudbury Basin,” two different theories 
regarding the origin of the ores are briefly discussed. In the detailed 
account of the ore bodies that follows, evidence in favor of their hydro- 
thermal origin is emphasized; in one instance only, that of the Alexo 
nickel mine, 150 miles north of Sudbury, are the sulphides believed to 
have been introduced in a molten condition. 
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Coleman’s arguments in favor of the magmatic segregation of the 
sulphides are presented in discussing the origin of the Sudbury ores, and 
serious objections to the acceptance of many of them are pointed out. 
In the opening sentence of Knight’s brief for the hydrothermal hypoth- 
esis it is held that the “ difficulties confronting a belief in magmatic 
segregation seem to make it necessary to turn to an alternative ex- 
planation as to the formation of the ores.” The explanation suggested 
is “that the ore bodies were formed by the circulation of heated, min- 
eral-bearing waters through openings and lines of disturbances—crushed, 
brecciated, fissured and sheared zones. The heated waters contained in 
solution the components of nickel, copper and iron sulphides, and prob- 
ably to a minor extent lime, magnesia, silica, and other materials. The 
nickel, copper and iron were precipitated mainly as pentlandite, chalco- 
pyrite and pyrrhotite.” 

In support of this theory Knight presents evidence to show that: in all 
cases the rocks with which the ore bodies are associated have been 
fissured, crushed and brecciated; in the case of the marginal deposits the 
dislocations and crushing took place in the rocks adjacent to the norite, 
and to a limited extent in the norite; the country rock of the marginal 
and offset deposits, whether norite, granite or any other rock, has been 
replaced and impregnated with sulphides; associated with many of the 
ores aS gangue minerals are quartz and calcite. 

It is believed that the mineral-bearing solutions were genetically re- 
lated to the intrusive norite, since they are more closely associated with 
this rock than with any of the other more or less contemporaneous in- 
trusives. The possibility is suggested, however, that the thermal waters 
may have come “ directly from the same deep-seated reservoir of igneous 
material which gave off the successive intrusions of greenstone, gabbro, 
norite-micropegmatite and ‘later’ granites.” 

In the detailed descriptions of the individual ore bodies evidence in 
favor of the hydrothermal hypothesis is presented in abundance. Thus, 
it is brought out that no true gradation from sulphides to norite occurs 
in the sense that Coleman uses the term, and that “the commercial ore 
bodies are found almost wholly in the rocks adjacent to the norite—not 
in the norite.” Evidence of crushing and brecciation is found in all of 
the mines, the sulphides enclosing fragments of the country rock, norite 
as well as greenstone or granite. This is particularly well shown at 
Creighton, where, in addition to norite, “ foot wall” granite is also repre- 
sented among the inclusions. This same granite is found at intrusive 
contacts near by to be younger than the norite, so that included frag- 
ments in the sulphides prove that this, the greatest of the marginal de- 
posits, can not have formed by gravitative segregation directly from the 
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molten norite. According to Knight, after the intrusion of the granite, 
there was a “period of tremendous crushing and brecciation along the 
norite-granite contact” closely followed by ore deposition, “and mag- 
matic solutions, carrying sulphides, circulated upwards through the 
crushed rocks and deposited nickel, copper and iron sulphides in the 
spaces between the rock fragments, replacing the latter to some extent. 
Thus was the Creighton ore body formed.” 

The origin of all the Sudbury ore deposits is considered to have been 
essentially the same as that of the Creighton. In certain cases, however, 
further evidence is found in support of the theory of hydrothermal 
origin. Thus, at Crean Hill, Victoria, Garson and other mines there are 
notable amounts of calcite and quartz associated with the sulphides, but 
Knight admits in the case of the Victoria ore bodies that some of the 
quartz and calcite may have been deposited earlier than the sulphides, 
while at the Worthington these same minerals associated with galena, 
blende and pyrite occur in small veins, some of which were “ formed at 
a very much later period than the ore body.” 

The sulphide “blebs” of the “spotted norite” were regarded by the 
earlier writers as essentially contemporaneous with the silicates, offering 
strong evidence in favor of the gravitative segregation of the ore de- 
posits, since it was considered that their presence indicated an inter- 
mediate stage or transition between the sulphides that had completely 
separated from the norite and the rock from which all trace of metallic 
sulphides had been removed. Knight shows by a series of analyses that, 
although sulphides may be present in greater or less amounts, there is 
practically no variation in the composition of the norite throughout a 
distance of 3,250 feet from the open pit of the Creighton mine. His ex- 
planation of the “spotted norite” is that it was mineralized at the time 
the ore body was formed, the sulphides being introduced by thermal 
waters. Similar impregnation, though to a less extent, of other country 
rock is common in the vicinity of the ore bodies, and is especially note- 
worthy in the case of the foot-wall granite of the Creighton mine. The 
silicates of norite, granite and other “spotted” rocks show a remark- 
able absence of alteration usually found in the cases of rocks that have 
been mineralized or impregnated by sulphides, a point made much of by 
those in favor of the magmatic nature of the sulphides in the norite, and 
difficult to reconcile to the hydrothermal hypothesis. 

It must be admitted that, with the new evidence presented, the hydro- 
thermal hypothesis is plausible and attractive, but it still fails to explain 
many observed facts, among which may be mentioned the almost entire 
absence of alteration of the country rock. The replacement of crushed 
rock in the zone of brecciation by sulphides on such a vast scale is almost 
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impossible to reconcile with the unaltered wall rock. Again, the pres- 
ence of many rock fragments in large deposits of massive sulphides is 
another fact that is difficult to explain. Many of these fragments are 
distinctly angular and “unsupported,” a form that could hardly have 
been developed over and over again through replacement. Knight’s 
hypothesis assumes that large rock fragments were held in a matrix of 
comminuted rock in the zones of crushing, and that hot mineral-bearing 
waters replaced the supporting material but left the included fragments 
untouched. Although some of the included rock may show signs of re- 
placement or alteration by hydrothermal agencies, other masses may be 
fresh and angular in form. The presence of such inclusions is not 
satisfactorily explained by the hydrothermal theory. 

Thermal waters of deep-seated origin are usually regarded as end 
products of magmatic differentiation, marking the close of periods of 
active volcanism, yet it is stated that intrusions of several different, 
though related, rocks followed the formation of the ore deposits, a con- 
dition in itself not necessarily inimical to the hydrothermal hypothesis, 
but worthy of attention when taken in consideration with other facts. 
The sulphides of the Alexo nickel mine, 150 miles north of Sudbury, are 
considered by Knight to have been intruded in a molten condition along 
a contact between peridotite or serpentine and a pillow lava. In some 
ways this deposit differs from those of the Sudbury district, but the 
principal features appear to be nearly the same at both places, and there 
would seem to be a possibility that some of the Sudbury ores had had a 
similar origin. Igneous intrusion of sulphides is more in accord with 
existing beliefs regarding magmatic differentiation than the assumption 
of a period of circulating thermal waters between two or more periods 
of pronounced igneous activity. 

To one who has some familiarity with the Sudbury ore deposits, 
Knight’s evidence, well presented and much of it new to the literature, 
seems to offer serious objections to the acceptance of the magmatic 
theory of the origin of the sulphide ore bodies through gravitative segre- 
gation. The objections are all the more convincing because Knight’s 
arguments are based almost wholly on field evidence, which Coleman has 
always maintained proved the case for gravity segregation. The anni- 
hilation of one theory, however, does not in itself justify the acceptance 
in its entirety of another offered as a substitute. There are a good many 
reasons why the hydrothermal hypothesis suggested by Knight should 
be placed on probation. None but the hopelessly prejudiced would sum- 
marily dismiss it. In other words, though the extreme theory of gravi- 
tative segregation may be disposed of, the case for hot circulating waters 


is not necessarily proved. The unwillingness to compromise or concede 
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certain disputed points on the part of the magmatic segregationists has 
undoubtedly tended to widen a breach that might otherwise be bridged, 
as suggested by Bateman who accepts arguments of both sides and pre- 
pares the way for a real advance. Although one can not help wishing 
that more conclusive evidence had been offered, it is only fair to say 
that the hydrothermal hypothesis has been presented in outline and 
Knight intimates his preference for it with an absence of partisan feeling 
admirable in a report covering such a broad field. 


Ernest Howe. 
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Contributed remarks. 


MINERAL RESOURCES. 


Production of Copper in the United States in 1916. By B. S. BuTLER. 
U. S. G. S., Advance Copy, 1917. } 

Gold, Silver, Copper, Lead and Zinc in Idaho and Washington in 1915. 
3y C. N. Gerry. U.S. G.S., Min. Res., 1915. 

Lead in the United States. By C. E. Srenentuar. U. S. G. S., Bull. 
666-AA, July, 1917. 

Our Mineral Supplies. The Rarer Metals. By Franx L. Hess. U. S. 
G. S., Bull. 666-U, 1917. 

Thorium Minerals in 1916. By Watpemar T. ScHatiter. U.S. G.S., 
Min. Res., 1917. 

Clay and Clay Products. By JEFrrerson Mippiteton. U. S. G. S 
3ull. 666-T, 1917. 

Clay-Working Industries in 1915. By Jerrerson Mippteton. U. S. G. 
S., Min. Res., 1916. 

Asphalt, Related Bitumens and Bituminous Rock in 1916. By Joun D. 
NortHrop. U. S. G. S., Min. Res., 1917. 

Strontium in 1916. By James M. Hitt. U.S. G. S., Min. Res., 1917. 

Potash in 1916. By Hoyt S. Gare. U.S. G.S., Min. Res., 1917 
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Sulphur: An Example of Industrial Independence. By J. E. Pocus. 
U. S. Nat’] Museum, Bull. 102, III., 1917. 

Borax in 1915. By Cuas. G. Yate. U.S. G. S., Min. Res., Pt. II., 
1916. 

Barytes and Barium Products in 1916. By James M. Hit. U. S. G. 
S., Min. Res., 1917. 

Abrasive Materials in 1916. By Frank J. Katz. U. S. G. S., Min. 
Res., 1917. 

Graphite. By Henry G. Fercuson. U. S. G. S., Bull. 666-L, 1917. 

Salt, Bromine and Calcium Chloride in 1916. By RatpwH W. STone. 
U. S. G. S., Min. Res., 1917. 

Silica in 1916. By Franx J. Katz. U.S.G.S., Min. Res., 1917. 

Asbestos in 1916. By J.S. Diter. U.S. G.S., Min. Res., 1917. 

The Mineral Industries of the U. S. Fertilizers. By J. E. Pocue. 
Smithsonian Inst., U. S. Nat’l Mus., Bull. 102, 1917. 

Alaska Mineral Supplies. By Atrrep H. Brooxs. U. S. G. S., Bull. 
666-P, 1917. 

Gypsum in Canada. By L. H. Core. Can. Min. Inst., Bull., June, 1917. 

Secondary Metals in 1916. By J. P. Duntop. U.S. G. S., Min. Res., 
IQI7. 











SCIENTIFIC NOTES AND NEWS' 


L. C. GRATON is at present associated with the Copper Pro- 
ducers Committee in New York, engaged in war industries. 


H. V. WINCHELL is at present in Butte, Montana, on pro- 
fessional business. 


ProFEssor J. F. Kemp has recently been in Butte, Montana, 
in cooperation with H. V. Winchell, on professional business. 


PAuL BILLINGSLEY, geologist of the Anaconda Copper Min- 
ing Company, has joined the United States Aviation Corps. 


Witt1amM M. Davis has prepared a geological “ Handbook of 
Northern France,” which has the approval of the geography 
committee of the National Research Council. A considerable 
number of copies will be distributed free at cantonments. The 
Harvard University Press will print the book, which will also 
be placed on sale. 


D. M. Fotsom, of the Department of Mineralogy of Stanford 
University, has been appointed fuel oil administrator for the 
western states. His jurisdiction will cover Idaho, Montana, 
Utah, Arizona, New Mexico, Nevada, Oregon, Washington, 
California and Alaska. 


Wattace E. Pratt has resigned his position as division 
geologist in North Texas for the Texas Company, to become 
chief geologist for the Humble Oil and Refining Co., of Hous- 
ton, Texas. 


Mr. H. H. Knox has removed his office to 17 Madison Ave- 
nue, New York City. 

1 Geologists, mining engineers and others interested in applied geology are 
invited to keep the editor informed of new investigations of mining districts 


or scientific studies undertaken by them, together with such other scientific 
and personal items as may come to their notice. 
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J. B. Harrison, director of the Department of Science and 
government geologist of British Guiana, is directing a geological 
reconnaissance of the northern section of the country, with 
special attention directed to the bauxite, ironstone, and lignite 
deposits. The field work is in charge of E. E. Winter, late of 
McGill University. 

Mr. H. H. Hassan has been compelled to close the Great Falls 
Mine, Montgomery County, Maryland, for an indefinite period, 
on account of shortage of machinery, miners and coal. 


THE GEOLOGICAL Society oF Lonpon has awarded to Dr. 
Charles D. Walcott, secretary of the Smithsonian Institution, its 
Wollaston Medal, in recognition of his contributions to Cam- 
brian paleontology. The list of eighty-seven men of science 
who have received this medal since its establishment in 1831 con- 
tains the names of five other Americans, Louis Agassiz, James 
Hall, James D. Dana, Grove Karl Gilbert and W. B. Scott. 


FRANK F. Grout, of the department of geology and miner- 
alogy, University of Minnesota, is working with C. K. Leith, 
on mineral imports and exports, for the U. S. Shipping Board, 
Washington, D. C. 


W. R. INGALLs has been reélected president of the Mining and 
Metallurgical Society of America. 


CuHartes R. Van HIseE represented the University of Wis- 
consin at the semi-centenary of the University of California. 


L. D. Ricketts is attending the semi-centenary of the Uni- 
versity of California as a representative of Princeton University. 


THE GOVERNMENT has taken over control of the production, 
refining, distribution and use of crude and refined platinum for 
the period of the war, exercised through the War Industries 
Board. It is not the intention of the government to take over 
and handle directly the present stock of platinum, but to permit 
its shipment by the producers or dealers, subject to certain condi- 
tions. Upon the fixing by the Secretary of War of a reasonable 
price for crude, refined and alloyed platinum, notice will be given 
and blanks issued, governing delivery and distribution. 





246 SCIENTIFIC NOTES AND NEWS. 


AT A MEETING of petroleum geologists held in Oklahoma, on 
February 15 and 16, the American Association of Petroleum 
Geologists was formed. The new organization is largely a 
change of name and widening of scope of activities of the South- 
western Association of Petroleum Geologists. Over one hun- 
dred geologists from various parts of the country were present. 

Thomas M. O’Donnell, representing the Federal Fuel Admin- 
istration, addressed the meeting, and urged their utmost efforts 
to maintain an adequate supply of oil to meet war demands. 
An evening session was entertained with a stereopticon talk by 
Professor Kemp, on the geologic problems connected with the 
New York water supply. I. C. White gave an account of the 
huge gushers of Mexico and exhibited by moving pictures the 
Huesteen Petroleum Company’s well, Cerro Azul No. 4. 

The list of papers presented at the technical sessions included: 
“The Distribution of Underground Salt Water and its Relation 
to the Accumulation of Oil and Gas,” by Roswell H. Johnson, 
Pittsburgh, Pa.; “The Oil Fields of Cuba,” by E. L. DeGolyer, 
New York; “ The Relations of Former Shore Lines to Oil Accu- 
mulation,’ by A. W. McCoy, Bartlesville, Oklahoma; “ The 
Bend Formation as a Source of Oil in Northwest Texas,” by 
W. E. Wrather, Wichita Falls, Texas; “Contributions to the 
Stratigraphy of the Red Beds,” by D. W. O’Hern, Oklahoma 
City, Oklahoma. 

Papers were read covering points of geologic interest brought 
out by the past year’s development as follows: the Gulf Coast, by 
Alexander Deussen, Houston, Texas; Kansas, by R. L. Moore, 
Lawrence, Kansas; Kentucky, by J. W. Pemperton, Tulsa, Okla- 
homa; Northwest Louisiana, by Mowery Bates, Tulsa, Oklahoma. 

Officers elected for the current year are: President, Alexander 
Deussen, Houston, Texas; vice-president, Dr. I. C. White, Mor- 
gantown, West Virginia; secretary-treasurer, W. E. Wrather, 
Wichita Falls, Texas; and editor, Charles H. Taylor, Oklahoma 
City, Oklahoma. 

The next meeting will be held in Houston, Texas, the exact 
date to be announced later. 








